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INTRODUCTION 
Phosphorus is known to exist in soil in both inorganic and 
organic forms. Reports indicate that the amount of organic 
phosphorus may range from as little as 0.3 per cent of the 
total to as much as 95 per cent of the total. For soils rela­
tively high in organic matter, such as those of the north-
central states, a figure of 50 per cent of the total is often 
quoted as a first approximation. 
The relatively large amount of organic phosphorus present 
in many soils has caused questions to be raised regarding its 
possible significance in the phosphorus nutrition of plants. 
The prevailing view is that plants take up phosphorus as inor­
ganic orthophosphate and that if soil organic phosphorus has 
any significance to plants this effect must be exerted after 
the organic phosphorus has been "mineralized" or changed to the 
inorganic form. 
Organic phosphorus mineralization has been demonstrated to 
take place in soils that are incubated in a warm, moist con­
dition in the absence of higher plants, presumably as a result 
of microbial activity throughout the soil. Similar minerali­
zation should occur in the presence of plants, and plants 
should benefit from it; but whether this is the only way in 
which plants benefit from soil organic phosphorus or only one 
of the ways has not been established. In particular, there is 
reason to suspect that some mechanism associated with plant 
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roots increases the availability of soil organic phosphorus. 
The objectives of the work reported in this thesis were (1) 
to determine whether the organic phosphorus content of soil 
decreases to a greater extent in the presence of higher plants 
than it does in comparable controls and (2) to determine the 
cause of the change if such were found. 
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REVIEW OF LITERATURE 
Proportion of Soil Phosphorus in Organic Forms 
The amounts of organic phosphorus in soils show a wide 
variation both within individual soil profiles and among 
profiles. Expressed as a percentage of the total phosphorus, 
values for organic phosphorus in the plowed layer or surface 
horizon of soils have been found to range from as low as 0.3 
per cent (Patel and Mehta, 1961) to as high as 95 per cent 
(Kaila, 1956)„ 
Vincent (1937) reported granitic soils of France to have 
80 per cent of their total phosphorus in organic form, 
Wrenshall, Dyer and Smith (1940) reported over 50 per cent of 
the phosphorus of several soils of Canada was in organic combi­
nations. Pearson and Simonson (1940), studying the amounts and 
distribution of organic phosphorus in seven Iowa profiles 
representing Prairie, Planosol, Wiesenboden and Gray-Brown 
Podzolic groups, found that the proportion of the total phospho­
rus in the organic form ranged from 35 per cent in the plow 
layer of the Wiesenboden profile to 73 per cent in the 
horizon of the Fayette silt loam, a Gray-Brcwn Podzolic soil. 
Soils from India were found by Ghani and Aleem (1943) and by 
Basu and Kibe (1945) to have from 2.6 to 75 per cent of the 
total phosphorus in organic forms. In soils of Finland Kaila 
(1948) found from 34 to 58 per cent of the total phosphorus in 
organic form. Investigations conducted in central Germany by 
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Jahn (1955) showed, that 26 to 67 per cent of the total phospho­
rus was in organic combinations, while Nye and Bertheux (1957), 
working on the savanna soils of Ghana, noted that organic 
phosphorus constitutes 20 to 30 per cent of the total phospho­
rus . 
Forms of Organic Phosphorus in Soils 
The nature of the major part of soil organic phosphorus 
remains unknown. Studies of the nature of soil organic 
phosphorus have proved difficult due to the complex nature of 
the organic material. It is generally accepted, however, that 
soil organic phosphorus is derived from plants, animals or 
microorganisms either as excretion or secretion products of 
living cells or as decomposition products of cellular materials. 
The principal organic phosphorus compounds which have been 
identified in soil extracts include the phospholipids, nucleic 
acids and the inositol phosphates. Together all of these 
identified forms have been estimated to constitute from 20 per 
cent up to 40 per cent of the total soil organic phosphorus, 
Aso (1905), Vincent (1937) and Pearson (1940) found that 
the amount of phospholipid phosphorus in soils is negligible, 
Hance and Anderson (1963) found that the lipid-type phosphorus 
accounted for only 0,6 to 0,9 per cent of the total soil 
organic phosphorus. There is reason to believe, however, that 
the amounts of phospholipids found by current analytical 
methods may be underestimates. Goring and Bartholomew (1950) 
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found that the presence of clay interfered with extraction of 
phospholipid-phosphorus from microbial tissue, Martin (1964) 
reported that in some soils from 5 to 10 per cent of the total 
organic phosphorus extracted with 0,3M KOH could be associated 
with glycerophosphate and other simple monophosphate esters. 
Evidence for the presence of phosphorus in nucleic acids 
has been obtained through the detection of hydrolysis products 
of nucleic acids (phosphoric acid, pentose sugar and purine and 
pyrimidine bases) in hydrolysates of a phosphorus-rich fraction 
of soil organic matter„ Anderson (1961) found quantities of 
nitrogen bases of nucleic acids which would account for 0,6 to 
2.4 per cent of soil organic phosphorus. The proportions of 
the various bases were more characteristic of the nucleic 
acids of microbial tissue than those of plant tissue. 
The inositol phosphates constitute the greatest fraction 
of the known forms of soil organic phosphorus. The current 
thinking, as exemplified by the papers of Gosgrove (1963) and 
Gosgrove and Tate (1963), is that inositol phosphates of soil 
are not necessarily residual from plants but that they may be 
produced in soils by microorganisms. The total inositol 
phosphate phosphorus in soils has been estimated by Black (1968) 
to be about 35 per cent of the total organic phosphorus. 
Mineralization of Organic Phosphorus 
Evidence that soil organic phosphorus undergoes minerali­
zation is based largely on studies of changes in content of 
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organic phosphorus in soils upon cultivation in the field and 
upon incubation in the laboratory. Inorganic phosphorus 
released in this way should be in soluble form initially and 
hence should be as susceptible to absorption by plants as 
soluble inorganic phosphorus added in a similar quantity and at 
a similar rate throughout the soil. 
In a comparison between six pairs of virgin and cultivated 
soils, Thompson and Black (1949) and Thompson et a2. (1954) 
found that the content of organic phosphorus in the cultivated 
soils was lower than that in the comparable virgin soils. In 
incubation studies, Thompson (1947), Kaila (1948), Bower (1949) 
and Thompson ^ t a2. (1954) showed that incubated soils contained 
less extractable organic phosphorus and an almost correspond­
ingly greater amount of extractable inorganic phosphorus than 
did the corresponding nonincubated soils, Mattingly and 
Williams (1962), in a comparison between a buried soil beneath 
a Roman amphitheater and the modern surface soil at the same 
site in England found that the buried soil contained only about 
one-half as much organic phosphorus as the present surface 
soil. Furthermore, they found that inorganic phosphorus which 
they presumed was produced by mineralization had been retained 
in the buried soil; much of it was soluble in 0.5M sodium bi­
carbonate, Further evidence has been provided by Cunningham 
(1963) in a field experiment in Ghana in which he measured the 
organic phosphorus content of soil immediately after felling 
the forest cover and 3 years later. During the 3-year period 
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no vegetation was allowed to grow; and the soil area was either 
shaded, half exposed or fully exposed. Loss of organic 
phosphorus was shown to increase with exposure (and temperature) 
from 18.9 per cent under shade through 44.1 per cent for the 
half-exposed soil to 50.1 per cent for the fully exposed soil. 
Presimably the organic phosphorus had been lost through the 
process of mineralization. 
The exact nature of the mechanism of mineralization is 
unknown; however, some of the factors likely to influence the 
rate of mineralization have been studied. Temperature is one 
of the factors which has been considered to have an effect on 
organic phosphorus mineralization. Thompson and Black (1947) 
incubated three virgin Iowa soils for 1 week at temperatures 
ranging from -14°G to 150°C and then measured the increases in 
inorganic phosphorus soluble in IN sulfuric acid. The increase 
in inorganic phosphorus did not differ much over the temperature 
from -14°C to 30°C, but above 30°G the extractable inorganic 
phosphorus increased rapidly with temperature up to 150°G, at 
which temperature the soil organic phosphorus was completely 
mineralized. However, only at temperatures below 50°G was 
there an agreement between the values for increases in ex-
tractable inorganic phosphorus and those obtained for decreases 
in organic phosphorus. Bower (1949) incubated four correspond­
ing cropped and virgin Iowa soils for 30 days at 25°G and 35°G 
and found a much higher mineralization rate at 35°G than at 
25°C. The work of Cunningham (1963) in Ghana can be cited in 
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further support of the effect of temperature on the rate of 
mineralization of soil organic phosphorus. 
Attention has been given to a second factor which might 
influence the rate of organic phosphorus mineralization in 
soils. This is the effect of drying the soil. Here the 
results have been conflicting. Hayashi and Takijima (1955a) 
observed an increase in organic phosphorus mineralized as a 
result of pre-drying of soil before incubation. Van Diest 
(1957) and Sekhon (1962) found results to the contrary. 
Van Diest divided bulk samples of a group of Iowa soils into 
two smaller samples. One group of samples was stored moist at 
7°C and the other group was air-dried at room temperature. 
After 18 months of storage, samples were taken from each group 
and incubated for 1 week at 40°C. The method of storage had no 
significant effect on the average increase in extractable 
inorganic phosphorus. Sekhon (1962) grew four consecutive 
crops on soils in the greenhouse. The soils in one series were 
dried after removal of each crop, whereas the soils in a corre­
sponding series were kept moist even after removal of the 
crops. With the exception of one soil, no consistent increase 
in extractable inorganic phosphorus due to drying was observed. 
Thus the data on the effect of air-drying of soil on the miner­
alization during subsequent incubation are conflicting but 
suggest that pre-drying has no great effect on organic phospho­
rus incubation studies in Iowa soils. 
A third factor which has been thought to have some effect 
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on the rate of soil organic phosphorus mineralization is the pH 
of the soil, Damsgaard-S(z(rensen ( 1946) and Kaila (1948) found 
that limed soil contained less organic phosphorus than corre­
sponding unlimed soil. Ghani and Aleem (1943), Kaila (1948) 
and Bower (1949) reported that the adsorption of organic 
phosphorus by clay decreased and mineralization of organic 
phosphorus increased with increasing pH, Van Diest (1957) 
incubated samples of 34 acid soils and 36 alkaline soils from 
Iowa for 1 week at 40°G and found that mineralization of 
organic phosphorus averaged 7.8 ppm or 3.5 per cent of the 
organic phosphorus in unincubated samples of acid soils and 8.3 
ppm or 4.7 per cent of the organic phosphorus in unincubated 
samples of alkaline soils. 
Phosphatase Activity in Soils 
The mineralization of soil organic phosphorus that occurs 
when soils are incubated in a warm, moist condition may result 
from nonenzymatic hydrolysis, enzymatic hydrolysis or both. 
The rapid mineralization that occurs at temperatures too high 
for biological activity is no doubt a result of nonenzymatic 
hydrolysis. The slower mineralization that occurs at tempera­
tures suitable for biological activity is presumed to result 
mostly from enzymatic reactions, but this has not been verified 
experimentally. 
Conrad (1940a, 1940b) demonstrated the presence of 
thermolabile catalysts in several soils which were capable of 
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hydrolyzing urea independently of microbial activity, and this 
brought up the question of the role of such agents in nitrogen 
and phosphorus transformations in soils, Conrad (1939) allowed 
solutions of various organic phosphorus compounds to percolate 
through pots of soil and cropped the soil to measure phosphorus 
retention. He found that Yolo subsoil retained phytin but not 
glycerophosphate, while Aiken surface soil retained both of 
these compounds as well as sodium nucleate. Conrad suggested 
as an explanation of the retention of sodium nucleate that it 
may have been converted to the relatively insoluble magnesium 
salt. Rogers (1942a) suggested that the retention of glycero­
phosphate by the surface soil and not by the subsoil, as well 
as the retention of nucleic acid, could be explained by 
assiming catalytic hydrolysis of these compounds and subsequent 
chemical fixation of the inorganic phosphate. Subsoils, he 
suggested, would not be expected to exhibit the catalytic 
powers of surface soils if the catalytic agents were of an 
organic nature. 
Hilbert, Pinck, Sherman and Tremearne (1938) carried out 
comparative experiments on the immobilization of organic 
phosphates by three different types of soil. They found that 
the fixation of glycerophosphate varied widely with the nature 
of the soil. Cecil soil, which contained about 40 per cent 
colloidal matter, fixed the glycerophosphate rather rapidly and 
completely. In Norfolk and Las Vegas soil the percentage of 
organic phosphate immobilized increased as the time of contact 
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of the organic phosphate with the soil increased. The fixing 
capacity of Norfolk and Las Vegas soil was considerably reduced 
by heating. They suggested, therefore, that fixation of 
glycerophosphate must be preceded by mineralization. 
Katsnel'son and Ershov (1958) expressed the view that 
enzymatic activity of the soil is the sum of the activity of 
its microflora, roots and fauna, both living and dead. Kozlov 
(1965) pointed to the contribution of animals to the enzyme 
content of soils. Most attention has been directed to micro­
organisms and higher plants, however, and these two groups are 
generally considered to be of greatest importance. 
Research on microorganisms as a source of phosphatase and 
other enzymes in soils has emphasized the relationship of 
microbial activity to enzyme activity and the matter of location 
of the enzymes. The enzymes could conceivably be located at 
the cell surface (so called exocellular enzymes), secreted into 
the soil by living cells, or released to the soil as a result 
of autolysis or mechanical disruption of the cells, 
Hofmann and Hoffmann (1955), Hofmann (1959, 1963) and 
Kozlov (1962) have provided evidence supporting the view that 
soil enzymes are derived mostly from soil microorganisms, 
Hofmann (1963b), however, suggested that the enzymatic activity 
due to live microbial cells might be relatively small when 
compared to the total enzyme activity of the soil. This view 
is a departure from the original position of Hofmann and 
Hoffmann (1955) to the effect that the enzyme activity of soils 
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reflects only the microbial population at the time of sampling, 
Ramirez-Martinez (1966) and Ramirez-Martinez and McLaren 
(1966) found no correlation between the seasonal variation in 
microbial numbers and phosphatase activity. Phosphatase 
activity was relatively stable and microbial numbers variable, 
which supports their view that the phosphatase activity in 
soils includes a relatively stable extracellular component as 
well as a component due to currently active microorganisms, A 
possible explanation for the persistence of an extracellular 
component of soil phosphatase is the adsorption of phosphatase 
by soil clays. 
In support of the view that the acid phosphatase of 
Saccharomyces mellis is an exocellular enzyme (that is, an 
enzyme present at the cell surface), Weimberg and Orton (1964) 
described observations obtained with three techniques. The 
first technique was the demonstration" of phosphatase activity 
of intact cells on phosphorylated substrates that are ordi­
narily considered incapable of penetrating the cell membrane. 
The second technique was isolation of cell walls and demon­
stration that they were enzymatically active, and the third 
procedure was conversion of yeast cells into protoplasts and 
demonstration that the enzyme was released from the cells as 
the cell wall was digested. 
Malamy and Horecker (1961) and Cashel and Freese (1964) 
demonstrated that the alkaline phosphatase of bacterial species 
lies outside the cell membrane by observing that the phosphatase 
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was liberated quantitatively into the surrounding medium when 
the cells were converted to protoplasts. Generally speaking 
these exocellular phosphatases are produced only following 
phosphate starvation. 
Mazilkin and Kuznetsova (1964) identified four groups of 
gray forest bacteria which secreted and accumulated phosphatases 
in soil. Meyer ^  al. (1964) examined soil fungi capable of 
producing extracellular phosphatase activity. 
Research on plants in relation to phosphatase activity in 
soils has emphasized two lines of study: (1) examination of 
plants as a source of activity and (2) investigation of the 
relation of plant-derived phosphatase activity to uptake by 
plants of phosphorus added in organic form to culture solutions. 
The first of these two subjects will be discussed here, and the 
second will be discussed in the section on absorption of 
organic phosphorus by plants. 
Merrill (1915), in a comprehensive review of reports on 
root excretions, pointed out that Link in 1848 had suggested 
that "the slimy drops held on root tips were not excretions but 
cast-off root cap cells." He referred also to the work of 
Molisch, who, in 1887, had proposed that root excretions may 
exert an effect on organic substances in the soil and that this 
may be more important than their solvent action on inorganic 
materials. Lyon and Wilson (1921) grew corn, oats, peas and 
vetch in sterile nutrient solutions and studied the liberation 
of organic material into the solution. Their data indicated 
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that a comparatively large amount of soluble organic matter may 
be given off by plant roots during the growing period. This 
organic matter, they suggested, may be derived in part from the 
root caps and root hairs that are sloughed off by plant roots 
as development proceeded. They further suggested that the 
roots or detached cells may give to the surrounding medium 
"certain specific compounds, some of which may be enzymic in 
character." 
Kuprevich (1949) found that sterile, uninjured roots of 23 
species of plants were able to act on various substrates by 
extracellular enzymes. Krasil'nikov (1952) and Kuprevich 
(1954) found that root systems, and especially their fine 
endings, secrete various enzymes into the soil throughout their 
lives and at their death give up their entire enzymatic appa­
ratus to the soil, Koepf (1954), Shumakov (1960), Nizova 
(1961) and Nowak (1964) have emphasized the role of extra­
cellular enzymes secreted from live plant materials or released 
into the soil by dead cells. 
Ignatieff and Wastleneys (1936) studied the distribution of 
glycerophosphate in the various organs of several different 
plants and found that the phosphatase in the roots of beans, 
potato, radish and wheat was lower than that found in the 
leaves and stems. They suggested that the presence of 
phosphatase in the roots could be explained if one accepted its 
role in respiration, but that the enzyme may have a further 
function. In this latter connection they referred to papers by 
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Heck and Whiting (1927) and Weissflag and Mengdehl (1933) in 
which it had been suggested that root phosphatase may be con­
cerned in the process of absorption of phorphorus from organic 
phosphorus compounds in the surrounding medium. 
Saxena (1964) observed phytase activity in both sterile 
and nonsterile plant roots, Glycerophosphatase activity was 
demonstrated by Hayashi and Takijima (1953), Nilsson (1957), 
Ratner and Samoilova (1958) and Estermann and McLaren (1961), 
Flaig and Kaul (1955), Ratner and Samoilova (1958) and Chang 
and Bandurski (1964) observed nuclease activity in plant roots. 
Ratner and Samoilova (1958) and Hayashi and Takijima (1953) 
before them showed that phosphatase activity was increased by 
phosphorus deficiency, and it may be presumed from the work of 
Torriani (1960) on the alkaline phosphatase production of E. 
coli that high amounts of inorganic phosphorus may depress the 
production of phosphatase by plant roots, Rogers ^  a^. (1940) 
and Estermann and McLaren (1961) observed that root phosphatase 
activity was associated with the tips of roots and specifically 
was found in the root cap and on the epidermis. 
Absorption of Organic Phosphorus by Plants 
Absorption of phosphorus by plants from culture solutions 
supplied with organic phosphorus compounds has been studied by 
a number of workers. Schulow (1913) concluded that phytin, but 
not lecithin, could be absorbed by peas and possibly corn from 
sterile cultures, Rogers et al. (1940) found that phytin and 
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lecithin in nutrient solutions were absorbed directly by corn 
and tomato roots but that nucleic acids, nucleotides and 
glycerophosphate were hydrolyzed when in contact with the 
roots of these plants. If inorganic orthophosphate is split 
off by root-derived phosphatase, of course, the phosphorus 
might be taken up in part or entirely from the inorganic form; 
and it is not clear whether uptake of organic phosphorus is 
occurring. Flaig and Kaul (1955) also reported that phosphorus 
of nucleic acid was not absorbed in the organic form. They 
concluded that the phosphorus of nucleic acid is made available 
through depolymerization of the acid and dephosphorylation of 
the resulting nucleotides by exoenzymes from plant roots. 
Flaig ^  al. (1960) found inorganic phosphorus in nutrient so­
lutions containing sodium phytate and suggested that phytate 
phosphorus is changed to inorganic form before absorption. 
Evidence from this work with known organic phosphorus compounds 
is thus rather contradictory and does not lead to a clear 
conclusion as to whether organic phosphorus is or is not taken 
up as such by plant roots. 
There is no information on the nature of the organic 
phosphorus compounds in solution in soils, but it is known that 
organic phosphorus is present and that the concentration of 
organic phosphorus may equal or exceed that of inorganic 
phosphorus. Pierre and Parker (1927) grew plants in quantities 
of displaced soil solution and water extracts of soil and found 
that the inorganic phosphorus was absorbed rapidly but that the 
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concentration of organic phosphorus remained about the same. 
Similar findings have been made in subsequent repetition of 
this work by others. This finding is probably primarily re­
sponsible for the current view that soil organic phosphorus 
does not contribute directly to plant nutrition but must first 
be changed to inorganic form. 
Evidence on direct absorption of soil organic phosphorus 
is not all negative, however. Rogers ^  (1940) investigated 
the uptake of organic phosphorus that had been extracted from 
soil by 0.5N ammonium hydroxide and then added to a culture 
bearing corn plants. During a 12-hour absorption period the 
organic phosphorus concentration decreased from 3»55 to 1,89 
p.p.m. The inorganic phosphorus concentration decreased at the 
same time, thus providing no evidence that the decrease in 
organic phosphorus concentration was due to dephosphorylation 
in the culture solution with subsequent uptaJce of the inorganic 
phosphorus. In a subsequent test a slight increase in inorganic 
phosphorus concentration occurred even though the plants were 
absorbing phosphorus; hence dephosphorylation must have been 
occurring» Although this work suggests that some direct ab­
sorption of soil-derived organic phosphorus may have occurred, 
the organic phosphorus had been extracted with ammonium hy­
droxide and was no longer in its original condition in the 
soil. Even if the evidence for direct absorption of the 
extracted organic phosphorus were unequivocal, therefore, it 
would not be clear whether organic phosphorus as it occurs in 
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soil is absorbed directly. 
Effect of Phosphatase on Soil Organic Phosphorus 
Several experiments have been done on the effect of 
phosphatase on soil organic phosphorus. The first work, done 
by Bower (1949), was for the purpose of obtaining information 
useful in identification of soil organic phosphorus. Neverthe­
less, it is of interest in the present connection also. Bower 
added enzymes to different fractions of organic phosphorus 
extracted from soil by a 2 per cent sodium hydroxide solution 
and found that the fraction precipitated by calcium hydroxide 
was readily mineralized by bran extract, which contains 
phytase, but not by the exudate of corn roots, which contains 
no phytase. On the other hand, the fraction of the organic 
phosphorus which passed into the filtrate from the calcium 
precipitation was mineralized by bran extract and by corn root 
exudate, both of which contain nuclease. 
Hayashi and Takijima (1955a) extracted soils with alkali 
extractants of increasing strength and incubated aliquots of 
the diluted extracts with and without phosphatase from rice 
bran. Mineralization of initial organic phosphorus at 27°G 
ranged from 0 to 17 per cent in 21 days of incubation in the 
absence of phosphatase and from 0 to 16 per cent in only 16 
hours in the presence of phosphatase. In both cases the 
amounts of organic phosphorus mineralized during incubation 
increased with the strength of the alkali extractant. The 
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implication of this observation is that extraction with alkali 
increases the susceptibility of soil organic phosphorus to 
hydrolysis by enzymes. 
Jackman and Black (1952a) found no increase in rate of 
mineralization of native soil organic phosphorus ^  situ from 
addition of phytase to six soils. Phytate phosphorus added in 
soluble form, however, was partly hydrolyzed by soil phytase. 
From these observations they inferred that hydrolysis of the 
native phytate phosphorus ^  situ was limited primarily by low 
solubility and not by low phytase activity in the soils. 
Effect of Plants on Soil Organic Phosphorus 
Hayashi and Takijima (1955b) observed that soil organic 
phosphorus decreased to a greater extent in samples of soils in 
which plants were grown than in samples of soils without vege­
tation. They concluded that the roots of the plants growing in 
the soils had effected the mineralization of organic phosphorus. 
Sekhon (1962) studied the possibility that the association 
between soil organic phosphorus mineralization and phosphorus 
uptake by plants was a consequence of the mineralization in­
duced by the presence of plant roots rather than mineralization 
brought about by microorganisms acting throughout the soil. He 
grew corn seedlings in centrifuge tubes containing tap water or 
a suspension of soil or quartz sand. Results of two trials 
supported the concept of enhanced mineralization in the 
presence of plant roots, and results of one did not. The 
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explanation given for the one that did not support the concept 
of enhanced mineralization was contamination of the soil with 
considerable root debris as a result of a relatively long 
period of plant growth. 
The experiments just described, it should be explained, 
were done in such a way as to remove from the soil the roots, 
which would have added some organic phosphorus to the soil had 
they been allowed to remain as they do in practice. Plants 
synthesize organic phosphorus from inorganic phosphorus they 
absorb, and if the plant tissue is returned to the soil the net 
effect of the presence of plants may be an increase in the 
organic phosphorus content of the soil. From the standpoint of 
phosphorus nutrition of a given crop, however, the effect on 
soil organic phosphorus observed when the plant tissue is re­
moved would seem more significant than the net effect after 
return of more or less of the plant tissue to the soil. 
Most of the observations described in this section indicate 
that the presence of plants caused the organic phosphorus con­
tent of soil to decrease. Presumably the plants benefited in 
some way from the organic phosphorus that disappeared--either 
by absorbing it directly as organic phosphorus or by taking up 
some of the inorganic phosphorus that may have been produced 
from it. 
21 
Mycorrhizae in Relation to Phosphorus Nutrition 
Striking effects of mycorrhizae in improving the nutrition 
of plants in respect of phosphorus and other mineral nutrients 
have been reported. Several investigators have attempted to 
find how the mycorrhizae increase the effectiveness of the root 
system. 
Prior to 1921, little was known of the identity of the 
fungi that form mycorrhizae with roots of trees. Up to that 
time many associations had been reported, but these had been 
based on empirical observations linking conspicuous sporophores 
of various fungi on the forest floor with different tree 
species. The crucial proof of infection had been lacking. 
Then Me lin (1921) demonstrated a specific fungus-tree 
mycorrhizal combination by growing a pine seedling and test 
fungus together aseptically in a large flask in sand wetted 
with nutrient solution. He thus identified a number of fungi 
as mycorrhizae formers with several conifers. Since then such 
studies have been extended to cover many plant species. 
Mycorrhizae are considered to be of two types, ectotrophic 
and endotrophic. The ectotrophic types are characterized by 
forming an external fungal sheath about the roots, whereas the 
endotrophs lack a sheath and perhaps constitute the commoner 
condition. They appear to be more widely dispersed in the 
plant kingdom and are more variable in form and structure. 
It has been demonstrated that under certain conditions, 
especially in infertile soils, tree seedlings bearing 
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mycorrhizal roots grow better than those which do not possess 
mycorrhizae. The improved growth, it has been suggested, 
results from greater absorption of mineral nutrients. Hatch 
(1937) and Mitchell et (1937) carried out extensive experi­
ments using a variety of soils and demonstrated that 
mycorrhizae increase absorption of mineral nutrients by 
seedlings of coniferous trees from infertile soils. 
The investigations of McGomb (1938, 1943) and McGomb and 
Griffith (1946) demonstrated that improvement of the phosphorus 
nutrition was a major factor in the response of coniferous 
seedlings to mycorrhizal infection on certain soils. Stone 
(1949) found that infection of Monterey pine with mycorrhizal 
fungi in pot cultures of 0'Neil sandy loam and Carrington silt 
loam was followed by accumulation of phosphorus by the plants 
and resumption of normal growth. Nonmycorrhizal seedlings 
failed to accumulate any considerable quantity of phosphorus 
from untreated soils but, on Carrington soil, grew satisfacto­
rily when phosphate fertilizers were supplied. He concluded 
that "at least much of the mycorrhizal response in pine can be 
attributed to improved phosphorus nutrition." 
The use of in work on mycorrhizae has enabled a more 
detailed examination of the uptake and internal distribution of 
phosphorus to be made. Kramer and Wilbur (1949) and Melin and 
Nilsson (1950) demonstrated that mycorrhizal roots accumulate 
more in a period of a few hours than nonmycorrhizal roots 
of pines, Melin and Nilsson (1950) demonstrated that the 
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out-growing hyphae from the mycorrhizaL sheath are capable of 
functioning like root hairs. Pine seedlings were grown in 
sterile sand cultures in such a way that an open culture dish 
containing an inoculum of mycorrhizal fungus could later be 
placed on the surface of the sand. In the course of time the 
hyphae from the inoculum grew over the lip of the dish and 
through the sand and formed mycorrhizae on the pine rootlets. 
By inserting isotopically labelled solutions of phosphate, 
nitrogen compounds and metallic nutrients in the fungal 
cultures the investigators were able to follow the movement of 
nutrients to the roots and into the host plant. 
The mechanism by which mycorrhizae render soil phosphorus 
available to plant is still uncertain. Hatch (1937) visualized 
the formation of mycorrhizae as so increasing the total absorb­
ing area of the roots that adequate amounts of salts for growth 
and development of the trees may be extracted from soils of 
comparatively low fertility, Routein and Dawson (1943) be­
lieved the higher metabolic activity of mycorrhizal roots to be 
the cause of this greater intake of minerals. Stone (1949) 
found that the inorganic phosphorus solubility in soil around 
mycorrhizal roots of Pinus radiata was no greater than it was 
around nonmycorrhizal roots but that formation of mycorrhizae 
nevertheless increased the uptake of soil phosphorus by the 
pine seedlings but not by other plants grown in the same 
culture. Stone and McAuliffe (1954), using radioactive 
phosphorus, found that in each of four combinations of soil and 
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fertilizer, the proportion of the added inorganic phosphorus 
and native sources absorbed was about the same with Italian 
ryegrass as with mycorrhizal pine seedlings. They concluded 
that the mycorrhizal roots possessed no exceptional facility 
for utilizing phosphorus from the soil organic matter. 
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DETERMINATION OF ORGANIC PHOSPHORUS 
Introduction 
To determine whether the organic phosphorus content of 
soil decreases to a greater extent in the presence of higher 
plants than it does in comparable controls without plants, 
analyses for organic phosphorus are necessary. Considerable 
work has been done on methods for determining soil organic 
phosphorus; but different methods give different values, and no 
method has been proved to be accurate. 
Present methods fall into two groups, both of them being 
indirect methods in that organic phosphorus is taken as the 
difference between measurements of inorganic phosphorus before 
and after some treatment that changes the organic phosphorus to 
the inorganic form. In one group of methods the treatment to 
change the organic phosphorus to inorganic form is applied to 
the soil. In another group of methods the organic phosphorus 
is first extracted, and the treatment to change the organic 
phosphorus to inorganic form is applied to the extract. The 
second group of methods is referred to as extraction methods. 
The extracts are obtained by successive treatments of soil with 
acid and alkali. In the absence of substances which interfere 
with the estimation of phosphate, the accuracy of an extraction 
method will depend upon the ability of the extractant to remove 
all the organic phosphate from soil without hydrolysis; the 
most accurate will be the method which gives the highest 
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results. 
Determining organic phosphorus by the difference between 
the total and inorganic phosphorus leads to values of rela­
tively low precision where the solutions contain much inorganic 
phosphorus. Because the differences in organic phosphorus 
expected in the proposed experimental work were small, attention 
was directed first to a method that approaches the ideal of a 
direct determination of organic phosphorus after elimination of 
the inorganic phosphorus. 
Goring (1955) developed a procedure which separated up to 
90 per cent of the organic phosphorus from soil extracts. 
Activated carbon was added to an acidified NaOH extract of soil, 
and the ingredients were mixed. The carbon and sorbed phospho­
rus compounds were collected by filtration. The filter was 
washed with 0.5N HGl to remove inorganic phosphorus. The 
carbon and filter paper were ignited at 500°G in a muffle 
furnace, and the phosphorus content of the ash was determined 
colorimetrically. 
Anderson and Black (1965) improved the method of separation 
of organic phosphorus from inorganic phosphorus in soil extracts 
by filtering the combined acid and alkali extracts, made 0.5N 
with HGl, through columns of purified Norit A carbon and 
washing the columns with 0.5N HGl, They found that the quanti­
ties of inorganic phosphorus retained by the carbon from the 
extracts were negligible but that the retention of organic 
phosphorus was not quite quantitative. From the similarity of 
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behavior of inorganic phosphorus and the small quantities of 
organic phosphorus that leaked through the columns, it might be 
supposed that the organic phosphorus was present as compounds 
with ionic properties and relatively low molecular weights. If 
this were indeed the nature of the organic phosphorus that 
leaked through the columns, a two-absorbent column containing 
carbon and an anion-exchange resin might be expected to retain 
quantitatively the organic phosphorus, while at the same time 
allowing the inorganic phosphorus to move out readily when the 
column is washed with dilute acids. The first experiments were 
undertaken to investigate this possibility. 
Method of Mechanical and Chromatographic Filtration 
Materials and methods 
Purification of carbon Norit-A decolorizing carbon 
obtained from the Fisher Scientific Company, Fair Lawn, New 
Jersey, was heated in concentrated HCl overnight on a steam 
plate. The carbon was washed with water and oven dried and 
then was successively treated in similar fashion with 95 per 
cent alcohol, 6N NH^OH and concentrated HCl. 
Anion-exchange resins The anion-exchange resins used 
in combination with the purified carbons were the following: 
1. Amberlite CG-400 Type I, Synthetic strong-base anion-
exchange resin (quaternary amine type), chloride form, 
100-200 mesh. Supplied by the Fisher Scientific 
Company, Fair Lawn, New Jersey. 
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2. AmberLite IRA-400. Synthetic strong-base anion-
exchange resin (quaternary amine type), chloride form, 
analytical grade, 20-50 mesh. Supplied by the Fisher 
Scientific Company, Fair Lawn, New Jersey, 
3. Amberlite IR-45. Weakly basic, polyamine (polystyrene) 
type, anion-exchange resin, analytical reagent grade, 
20-50 mesh. Supplied by the Malinckrodt Chemical 
Works, St. Louis, Missouri. 
4. Amberlite IRA-4018. Strongly basic, quaternary amine 
(polystyrene) type (ammoniated with triethylamine), 
anion-exchange resin, high porosity, C.P. grade, 20-
50 mesh. Supplied by the Malinckrodt Chemical Works, 
St. Louis, Missouri. 
Preparation of columns The chromatographic columns 
consisted of 40-cm. Sections of Pyrex tubing with an inside 
diameter of 1.6 cm. The lower end of each colimn was stoppered 
with a No. 2 rubber stopper fitted with a drain tube leading to 
a 500-ml. vacuum flask which served to collect the eluate. A 
pad of glass wool was inserted into the colimn to form a support 
for the sorption bed. A suspension of O.lg. of diatomite 
filter-acid (Gelite, supplied by the Fisher Scientific Company, 
2850 S, Jefferson, St. Louis, Missouri) in 0.5N HCl was added 
to the tube and allowed to settle on the glass wool. A quantity 
of purified carbon or a combination of purified carbon and 
anion-exchange resin suspended in 0.5N HCl was added to the 
tube, and vacuum was applied to the collection flask to cause 
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the sorbing agents to settle as a compact bed. The excess acid 
collected in the vacuum flask was discarded; enough acid was 
left in the column to keep the sorbing agents submerged. 
Filtration procedure A 25-ml, aliquot of soil extract, 
made 0.5N to HCl was added to the top of the column followed 
immediately by a suspension of a small amount of Gelite in 0.5N 
HCl to form large floccules with the suspended organic matter 
and to increase the speed of filtration. Vacuum was applied to 
the collection flask to hasten the elution process. After the 
solution had been drawn to the surface of the bed, the column 
walls were washed with several small quantities of 0.5N HCl, 
each of which was drawn to the surface of the bed before ad­
dition of the next. An overhead reservoir of 300 ml, of 0,5N 
HCl was connected to supply additional wash solution to replace 
that passing through the column into the collection flask. 
Ignition of the sorbing agent When the HCl in the 
overhead reservoir was exhausted and the solution had been 
drawn down to the surface of the bed, the column was dismantled 
and the sorbing agent was extruded into a 50-ml. beaker. The 
contents were treated with 5 ml. of 6N NH^OH and 1 ml, of a 10 
per cent solution of MgCNO^Pg;. The mixture was evaporated to 
dryness on a steam plate and ignited at 500° to 520°C in a 
muffle furnace. After ignition was complete, the beaker was 
cooled, treated with 20 ml. of IN HCl, and heated for 10 
minutes on a steam plate. The solution and suspended Celite 
were transferred to a 50-ml, volumetric flask, diluted to 
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volume with distilled water, and thoroughly mixed. The Celite 
was allowed to settle overnight before an aliquot was taken for 
colorimetric determination of the phosphorus as described by 
Mehta et aJ_. (1954). 
Extraction and determination of soil organic phosphorus 
For experiments 1 to 3, bulked extracts obtained by use of the 
method of Mehta elt aJL. (1954) on four organic soils were pre­
pared. In this method, soils are subjected to successive 
extractions with concentrated HGl, 0,5N NaOH at room temperature, 
and 0.5N NaOH at 90°G. In experiments 4 to 6, soil extracts 
were prepared from Harpster silty clay loam which had been air-
dried and ground to pass a 60-mesh sieve. The extraction was 
done by the method of Mehta ^ t a2. (1954). In experiment 7 a 
modification of the method of Mehta _et a].. (1954) was used on 
Harpster silty clay loam. The modification involved pre-
treating the soil with 0.5M NaHCOg solution of pH 8.5 by 
shaking overnight, followed by the concentrated acid and cold 
and hot alkali treatment already mentioned. In experiment 8 a 
modification of the method of Mehta e± aX, (1954) was used on 
Harpster silty clay loam. This modification was almost the 
same as that described for experiment 7 except that the pH of 
the 0.^ NaHCO^ solution used in the pretreatment was 10.0. 
In all cases the final extract was made 0.5N to HGl before an 
aliquot was filtered through the column. 
Total phosphorus was determined in aliquots which had been 
digested with perchloric acid. Inorganic phosphorus was 
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determined in undigested aliquots of soil extract. The differ­
ence between the total and inorganic phosphorus was taken to 
represent the organic phosphorus. 
Results and Discussion 
The results of eight experiments are presented in Table 1. 
The data are averages of treatments applied to triplicate 
columns. The values for phosphorus in the ignited carbon or 
carbon-resin combinations have been corrected for a blank. 
From 76.2 to 89.5 per cent of the added organic phosphorus 
in the soil extracts was retained by 4g. of Norit alone and 
from 75.7 to 99.4 per cent of the added organic phosphorus in 
the soil extract was retained by some combination of Norit-A 
and an anion-exchange resin. Amberlite CG-400 Type I, an 
anion-exchange resin of the strongly basic type, retained 22.3 
per cent of the added organic phosphorus as shown in experiment 
3. However, equal weights of Norit-A and resin in experiment 3 
resulted in only 75.7 per cent retention. The best combination 
appears to be 4g. of Norit-A with 2g. of Amberlite IRA-400 as a 
bottom layer. This combination retained 99.4 per cent of the 
organic phosphorus in experiment 6 and 92.4 per cent in experi­
ment 7. It did not do so well in experiment 8. 
With regard to the NaHGOg pretreatments in experiments 7 
and 8, it should be noted that the alkalinity of the pre-
treatment solution in experiment 8 approaches that of Na2G03» 
The quantities 47.4 and 51.1 ug. of organic phosphorus obtained 
Table 1, Organic phosphorus found by two methods in soil extracts 
Organic phosphorus found, with indicated 
method per 25 ml. of extract, ug. 
Experiment number and contents Chromatographic Method of lOOA 
of chromatographic column method (A) difference (B) B 
Experiment 1 
4g. Norit A 
2g. Norit A mixed with 2g. 
Amberlite CG-400 Type I 
Experiment 2 
4g. Norit A 
4g. Norit A mixed with Ig. 
Amberlite CG-400 Type I 
4g. Norit A with Ig. Amberlite CG-400 
Type I as top layer 
Experiment 3 
4g. Norit A 
2g. Norit A with 2g. Amberlite 
CG-400 Type I as top layer 
4g. Amberlite CG-400 Type I 
Experiment 4 
4g. Norit A 
4g, Norit A mixed, with Ig. 
Amberlite CG-400 Type I 
4g, Norit A with Ig. Amberlite 
CG-400 Type I as top layer 
4g. Norit A with Ig. Amberlite 
CG-400 Type I as bottom layer 
16.3 21.4 76.2 
16.3 21.4 76.2 
17.3 21.1 82.0 
16.9 21.1 80.1 
18.0 21.1 85.3 
16.2 20.2 80.2 
15.3 20.2 75.7 
4.5 20.2 22.3 
43.6 48.7 89.5 
44.4 48.7 91.2 
40.7 48.7 83.6 
44.4 48.7 91.2 
Table 1, (Continued) 
Organic phosphorus found with indicated 
method per 25 ml. of extract, ug. 
Experiment number and contents Chromatographic Method of 10OA 
of chromatographic column method (A) difference (B) B 
Experiment 5 
4g. Norit A 41.5 
4g. Norit A with Ig. Amberlite 
CG-400 Type I as bottom layer 40.5 
4g. Norit A with 2g. Amberlite 
CG-400 Type I as bottom layer 40,0 
4g, Norit A with 4g. Amberlite 
CG-400 Type I as bottom layer 41.0 
Experiment 6 
4g. Norit A 41.4 
4g. Norit A with 2g. Amberlite 
IRA-400 as bottom layer 47.2 
4g. Norit A with 2g. Amberlite 
IR-45 as bottom layer 41.5 
4g. Norit A with 2g. Amberlite IRA-401S as 
bottom layer 41.5 
4g. Norit A with 2g. Amberlite 
IRA-401S as bottom layer 44,4 
Experiment 7 
4g. Norit A 40.2 
4g, Norit A with 2g, Amberlite CG-400 
Type I as bottom layer 43,8 
4g. Norit A with 2g. Amberlite IRA-400 
as bottom layer 41,9 
4g. Norit A with 2g. Amberlite IRA-401S 
as bottom layer 40.2 
47.2 
47.2 
47.2 
47.2 
47.5 
47.5 
47.5 
47.5 
47.5 
47.4 
47,4 
47,4 
47.4 
87.9 
85.8 
84.7 
86.9 
87.1 
99.4 
87.4 
87.4 
93.5 
84.8 
92,4 
88.4 
84.8 
Table 1. (Continued) 
Organic phosphorus found with indicated 
method per 25 ml . of extract, ug. 
Experiment number and contents Chromatographic Method of lOOA 
of chromatographic column method (A) difference (B) B 
Experiment 8 
4g. Norit A 42.4 51.1 82.3 
4g. Norit A with 2g, Amberlite 
GG-400 Type I as bottom layer 41.5 51.1 81.2 
4g. Norit A with 2g, Amberlite 
IRA-400 as bottom layer 43.9 51.1 85.9 
4g. Norit A with 2g. Amberlite 
IRA-401S as bottom layer 
00 
51.1 87.7 
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per 25 ml. of extract with these two pretreatments may be a 
reflection of the difference between the pretreatment so­
lutions. Pretreatment of soil with alkali will be discussed 
in the next section. 
The method of mechanical and chromatographic filtration 
did not perform as well as had been expected, and the inclusion 
of an anion-exchange resin with the carbon in the columns did 
not increase the retention of organic phosphorus to the extent 
desired. It may be noted that the acidity of the solution used 
in all instances was that found previously to be the most 
suitable for retention of organic phosphorus by the carbon with 
concurrent elution of inorganic phosphorus from it. The 
optimum acidity for retention of organic phosphorus by the 
resins with removal of inorganic phosphorus may well have been 
different. To use different acidities for the carbon and resin 
would have complicated the procedure, and no work in this 
direction was undertaken. Instead, attention was turned to 
investigation of a modification of an extraction method in 
which organic phosphorus is determined by difference. 
As regards the hypothesis that the organic phosphorus not 
retained by the carbon columns is of low molecular weight and 
ionic character approaching those of inorganic orthophosphate, 
it may be mentioned that the only known soil organic phosphorus 
component with these properties is the inositol phosphates. 
These have only six carbon atoms and as many as six phosphate 
groups per molecule. The retention of inositol hexaphosphate 
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by the carbon colimns would therefore provide a test of the 
hypothesis. Since the completion of the work described in the 
preceding pages, unpublished work by D. R, Wier has shown that 
inositol hexaphosphate added in 0,5N HCl is retained quanti­
tatively by columns containing 4g. of purified Norit A carbon 
when the addition and elution technique is similar to that used 
in the experiments in Table 1. This observation does not con­
firm the hypothesis, and the failure of the anion-exchange 
resins to increase the retention of organic phosphorus to the 
desired degree may be interpreted similarly. Although a 
modification of the carbon method that would produce quanti­
tative retention of organic phosphorus would be valuable, it is 
not at present clear how one should proceed to modify the 
method. 
Modification of the Method of Mehta _et al. 
Introduction 
In the method of Mehta ^  aj.. (1954), soil is extracted 
consecutively with concentrated HCl at temperatures up to 70°C, 
0.5N NaOH at room temperature, and 0.5N NaOH at 90°C. The 
difference between inorganic and total phosphorus in the com­
bined extracts is taken as organic phosphorus. This extraction 
method seems to remove almost all the organic phosphorus from 
soil, but findings reported by Kaila and Virtanen (1955), Kaila 
(1962), and Anderson (1960) give reason to suspect that some of 
the organic phosphorus is lost by hydrolysis during extraction. 
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Because Mehta e^ al, (1954) found that the organic phosphorus 
that is extracted most easily is also hydrolyzed most easily, 
one may infer that the organic phosphorus that is hydrolyzed 
most easily may also be mineralized most readily. Work by 
Van Diest and Black (1958) verifies this supposition. Although 
the loss of organic phosphorus by hydrolysis may be only a 
small percentage of the total, this small percentage could be 
decisive in the experimental work proposed for this thesis 
because the experiments require determination of changes in 
what is presumably the most labile part of the organic phospho­
rus. Accordingly, investigation of some modification that 
might reduce the hydrolysis seemed worthwhile. 
Anderson (1960) proposed a modification of the method of 
Mehta _al, in which he pretreated the soil by shaking it with 
0,3N NaOH overnight before proceeding with the method of Mehta 
et al. Maclean (1964) proposed a method in which he extracted 
soil with 0.5M NaHGO^ at pH 10.0 at 90°C. following acid 
pretreatment with 0,5N HGl. It was decided, therefore, to 
investigate the effect of pretreatments with 0.3N NaOH and 0,5M 
Na^COg. 
It was reasoned at first that the NaHGOg pretreatment 
might produce the desired effect of removing much or all of the 
organic phosphorus that otherwise would be hydrolyzed by the 
concentrated HGl extractant. Sodium bicarbonate being mildly 
alkaline would promote some dissolution of organic phosphorus 
combined with iron and aluminum. The iron and aluminum would 
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hydrolyze to hydroxides and release the organic phosphorus. 
Sodium bicarbonate, however, would not be expected to have much 
effect on organic phosphorus combined with calcium, Maclean 
(1965) had found more organic phosphorus to be extracted by 
NaHGOg at pH 10.0 than at pH 8.5. Because the alkalinity at pH 
10.0 approaches that produced by sodium carbonate, it was 
decided to substitute Na2G03 in the pretreatment for NaHCO^. 
Sodium carbonate, being more alkaline than the bicarbonate, 
should be more effective in extracting organic phosphorus held 
by iron and aluminum. Furthermore, because its high carbonate-
ion activity should result in an exceedingly low calcium-ion 
activity by precipitating soluble calcium as calcium carbonate, 
sodium carbonate should be more effective than either sodium 
bicarbonate or sodium hydroxide as an extractant for organic 
phosphorus combined with calcium. In an actual comparison 
between the total organic phosphorus extracted by the method of 
Mehta ^  modified to include a pretreatment with sodium 
bicarbonate and that extracted by the same method modified to 
include a pretreatment with sodium carbonate, the author found 
that the Na2C03 pretreatment yielded an amount of organic 
phosphorus that was higher by 25 ug. per gram of soil or 4.8 
per cent than was obtained by the NaHGO^ pretreatment. These 
figures represent an average over nine replicate determinations 
of organic phosphorus on a sample of Harpster silty clay loam 
(F2868). 
39 
Soils 
The soils used in this investigation and some of their 
properties are listed in Table 2. The soils were chosen from 
a collection by Van Diest (1957). The soil samples were ground 
to pass a 60-mesh screen. 
Table 2, Soils used and some of their properties--data from 
Van Diest (1957) 
Soil No, Soil type 
Organic phosphorus extracted 
by method of Mehta e^ al, 
pH (1954), ug. per g. of soil 
F2863 Grundy silt loam 6.3 
F2864 Haig silt loam 5,7 
366 
278 
F2868 Harpster silty 
clay loam 7.5 550 
F2872 Harpster silty 
clay loam 7.5 37 5 
F2909 Wabash silty 
clay loam 6.3 265 
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Extraction methods 
The method of Mehta et a^. (1954) for extracting soil 
organic phosphorus, as slightly modified, was used as follows. 
One-half gram of soil was treated with 5 ml. of concentrated 
HCl in a polypropylene centrifuge tube, and the mixture was 
stirred. The tube was placed in a water bath and heated to 
70°C. in 10 minutes. The tube was then removed from the water 
bath, 5 ml. of concentrated HCl were added, and the mixture was 
allowed to stand for 1 hour at room temperature. Fifteen 
milliliters of distilled water were mixed with the acid and 
soil, and the mixture was centrifuged. The supernatant liquid 
was decanted into a pressure apparatus and filtered at 2 atmos­
pheres pressure through a Superstrength Process Polypore 
membrane filter (Gelman Instrument Co., Ann Arbor, Michigan) 
having a maximum pore diameter of 0.2 micron, the filtrate 
being received in a flask containing 35 ml, of distilled water. 
The soil residue in the tube was stirred with 15 ml, of 0.5N 
NaOH, allowed to stand 1 hour at room temperature, restirred, 
and centrifuged. The supernatant liquid was decanted and 
filtered as before through the same filter and into the same 
flask used for the acid extract. The soil residue in the tube 
was then stirred with 30 ml. of 0.5N NaOH and heated 8 hours at 
90°C. The mixture was cooled, stirred, and centrifuged; and 
the supernatant liquid was decanted and filtered as before. 
The combined extract was made up to a volume of 140 ml. with 
distilled water. 
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The extraction method including the preliminary extraction 
with 0.3N NaOH was as follows. One-half gram of soil in a 50-
ml. polypropylene centrifuge tube was treated with 35 ml. of 
0.5N NaOH. The tube was stoppered and shaken overnight on a 
wrist-action shaker. The suspension was centrifuged, and the 
supernatant liquid was passed through a membrane filter as 
described previously, the filtrate being received in a flask 
containing 35 ml, of distilled water. The soil residue in the 
tube was then extracted with HGI and NaOH as described in the 
preceding paragraph. The combined extract was made up to a 
volume of 140 ml. with distilled water. 
The extraction method including the preliminary extraction 
with 0.5M Na2G02 was as follows. One-half gram of soil was 
treated with 35 ml, of 0.5M Na2G03 in a 50-ml. polypropylene 
centrifuge tube, which was then stoppered and shaken overnight 
on a wrist-action shaker. The suspension was centrifuged, and 
the supernatant liquid was passed through a membrane filter as 
described previously, the filtrate being received in a flask 
containing 35 ml. of 0.5M Na2G03. The soil residue in the tube 
was then extracted with HGI and NaOH as described previously 
for the method of Mehta ^  a2. The combined extract was made 
up to a volume of 140 ml. with distilled water. 
Determination of total and inorganic phosphorus in the 
soil extracts was carried out as follows. Twenty-five-miHi-
liter aliquots of the extracts prepared as described in 
preceding paragraphs were digested with perchloric acid as 
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described by Mehta ^  a2. (1954). The digested material was 
quantitatively transferred into a 50-ml. volumetric flask. 
After the silica had been allowed to settle overnight, aliquots 
were withdrawn for the colorimetric determination of phosphorus 
by the method of Dickman and Bray (1940) as modified by Legg 
and Black (1955), 
After withdrawal of the sample for the determination of 
total phosphorus, the remaining extract was allowed to stand 
overnight ; and an aliquot was then taken from the supernatant 
portion for determination of inorganic phosphorus. The colori­
metric method of Dickman and Bray (1940) as modified by Legg 
and Black (1955) was used to determine the inorganic phosphorus. 
The difference between the total and the inorganic 
phosphorus was taken to represent the organic phosphorus in the 
extracts. 
Results and discussion 
The results of the experiment are shown in Table 3. The 
data in the table are averages of two determinations per repli­
cate. 
A comparison was made of the three methods using a two-way 
classification model with equal cell numbers in the subclasses 
represented by the soils. The model is as follows: 
Yijk = u + ai + + <ci/3)ij * eijic 
where i - 1,2,3,4,5 soils, j = 1,2,3 pretreatment methods, and 
k = l,2,-«o n^j subclasses with the assumption that 
Table 3, Organic phosphorus found in five soils by the method of Mehta ejt with 
three different preliminary extractions 
Total organic phosphorus per gram of soil 
with inclusion of indicated 
preliminary extraction, ug. 
Soil Noo Soil type pH 0.3N NaOH 0.5M Na2G03 None 
F2868 Harpster 
silty clay loam 
7.5 
F2864 Haig silt loam 5.7 
F2863 Grundy silt loam 6,3 
466 590 564 
476 595 548 
473 (511)a 592 (589)^ 550 
560 574 562 
581 595 558 
260 260 249 
271 260 248 
253 271 249 
280 275 254 
271 (268) 264 (269) 269 
263 266 276 
285 276 266 
268 271 279 
263 281 268 
437 413 392 
346 405 384 
384 410 381 
376 390 374 
349 (385) 390 (407) 381 
391 413 391 
394 427 385 
403 399 381 
388 419 373 
^Values in parentheses are means. 
Table 3. (Continued) 
Total organic phosphorus per gram of soil 
with inclusion of indicated 
preliminary extraction, ug. 
Soil Noo Soil type pH 0»3N NaOH 0.5M Na2G0g None 
F2872 Harpster 
silty clay loam 
7.5 
F2909 Wabash 
silty clay loam 
6.3 
368 356 349 
353 351 350 
367 353 358 
375 (362) 366 (355) 373 
359 365 367 
369 344 360 
347 346 349 
359 360 364 
226 215 214 
225 201 214 
213 212 226 
250 (247) 260 (238) 248 
249 238 244 
258 233 254 
269 275 252 
289 266 248 
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^j = = 0. The error term was 
assumed to be independently identically distributed as normal 
with mean zero and constant variance 0'^. The analysis of 
variance is shown in Table 4. The F-test for subclass is sig­
nificant, indicating a significant preliminary extraction 
effect, soil effect, interaction effect or combination thereof, 
A test was made for interaction by testing the interaction 
mean square, which was calculated to be 2,033,00, against the 
error mean square, which was 351,87. The resulting F value of 
5.78 is significant at the 1 per cent level, which means that 
weighted squares of means had to be used to complete the 
analysis to obtain unbiased estimates of the sum of squares. 
The complete analysis of variance is given in Table 5, All the 
effects were significant at the 1 per cent level. 
Table 4. Analysis of variance of data on organic phosphorus 
found in five soils by the method of Mehta e± al, 
with three preliminary extractions 
Source of Degrees of Sum of Mean 
variation freedom squares square F 
Subclass 14 1, 154,315.00 82,451,00 234.32** 
Preliminary ex-
extraction 
ignoring soils 2 3,388.00 
Soil ignoring 
preliminary ex­
traction 4 1, 134,643.00 
Error 102 35,891.00 351.87 
""Significant at the 1 per cent level. 
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Table 5. Complete analysis of variance of data on organic 
phosphorus found in five soils by the method of 
Mehta et al. with three different preliminary ex­
tractions 
Source of Degrees of Sum of Mean 
variation freedom squares square F 
Soils 4 1,131,825.76 282,956.40 804.15** 
Methods 2 10,944.30 5,472.15 15.55** 
Interaction 8 16,273.51 2,034.34 5.78** 
Error 102 35,891.00 351.87 
Total 116 1,190,205.00 
^^Significant at the 1 per cent level. 
The least-significant-difference (LSD) test was next 
applied to the data. In this test the difference between two 
means is said to be significant if it exceeds the value derived 
for the LSD at the desired level of significance. 
The LSD values derived at the 5 per cent and 1 per cent 
levels were 8.42 and 11.15 respectively. Below are the means 
over all soils for the three methods ranked from lowest to 
highest : 
Preliminary No preliminary Preliminary 
extraction with extraction extraction with 
NaOH (Y]^) (Yg) Na2C02 (Y3) 
342.3 342.4 353.3 
Thus it is apparent from the LSD test that the method involving 
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preliminary extraction with Na2G0^ was better than either the 
preliminary extraction with NaOH or the extraction with no 
preliminary treatment at the 5 per cent level but not at the 1 
per cent level. The difference between over-all means obtained 
with no preliminary extractant and with NaOH as preliminary 
extractant was not significant at either the 1 per cent level 
or 5 per cent level of significance. 
More analysis was carried out on data for the Harpster 
silty clay loam (F2868) because it was the soil used in all the 
subsequent experiments. The model assumed was that of a one­
way classification with equal cell frequencies. The results 
are presented in Table 6. 
The F value was significant at the 1 per cent level. The 
treatment sum of squares was broken down to obtain two inde­
pendent comparisons, each with 1 degree of freedom: 
I. Na2C02 vs none, sum of squares = 2,689.60 
II. Na2G02 and none vs NaOH, sum of square = 12,648.53 
The corresponding F values were calculated to be 2.58, which is 
not significant, and 12.14 which is significant at the 1 per 
cent level. 
Because the use of Na2C0j as preliminary extractant in 
connection with the method of Mehta ^  yielded a higher 
mean value for organic phosphorus than was obtained by use of 
the Mehta method without a preliminary extractant, it was 
decided that the Na2C0^ treatment should do no harm and might 
be of value. In subsequent work with the Harpster silty clay 
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Table 6, Comparison of methods on Harpster silty clay loam 
(F2868) 
Source of Degrees of Sum of Mean 
variation freedom squares square F 
Treatments 2 15,338 7,696.00 7.34"" 
Error 12 12,505 1,042 .08  
Total 14 27,843 
^^Significant at the 1 per cent level. 
loam, therefore, a preliminary extraction with Na2C0g was 
included and was carried out in the manner described previously. 
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EFFECT OF PLANTS ON THE ORGANIC PHOSPHORUS 
CONTENT OF SOIL 
Short-Term Effects, First Group of Experiments 
Introduction 
These first experiments to investigate the effect of 
plants on the organic phosphorus content of soil were patterned 
after the experiments by Sekhon (1962), to which reference was 
made in the review of literature, and they were conducted to 
check his findings. Two of his experiments with corn seedlings 
indicated that the presence of plants decreased the organic 
phosphorus content of soil, and the third indicated the reverse. 
Soil 
The soil used in this work was a sample of Harpster silty 
clay loam (F2868) taken from a bulk sample used by Van Diest 
(1957) in his work on organic phosphorus. The soil had been 
maintained in air-dry condition. For use, a quantity of the 
bulk sample was ground to pass a 60-mesh screen. This soil was 
chosen for its high content of organic phosphorus with the 
expectation that if plants do decrease the organic phosphorus 
content of soil, this effect should be more pronounced and 
hence more easily detected in a soil high in organic phosphorus 
then in one low in organic phosphorus. 
Culture of corn seedlings 
Double-cross corn seeds (Ia5779, supplied by courtesy of 
W. A. Russell, Dept. of Agronomy, Iowa State University, Ames, 
Iowa) were germinated in sand in individual centrifuge tubes. 
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The germinated seedlings were kept in the sand until the eighth 
day, when they were transferred to the greenhouse and used in 
the experiment. At the time of transfer, the sand was washed 
from the roots. No nutrients were supplied to the seedlings at 
any stage. 
Culture of tomato seedlings 
Tomato seeds (supplied by courtesy of Allan R. Buck, Dept. 
of Horticulture, Iowa State University, Ames, Iowa) were germi­
nated in sand and kept growing for 3 weeks until they were about 
2 inches in height, when they were transplanted into glazed 
pots containing sand in the greenhouse. The seedlings were 
supplied with 1/5 strength Hoagland (Hoagland and Arnon, 1950) 
nutrient solution until they were ready for use in the experi­
ment, which was 49 to 56 days after sowing. For each experi­
ment, plants were selected visually for uniformity, and the 
sand was washed from the roots. 
Test with soil 
Single seedlings of either corn or tomato were held in 
two-hole rubber stoppers and were placed in 50-ml. polypropylene 
centrifuge tubes containing a suspension of 0.5g. of soil in 
30 ml. of tap water. 
Tubes containing soil suspension but without plant and 
others containing tap water with plant but without soil were 
placed alongside. Through the other hole in the stopper was 
inserted a glass tube through which filtered compressed air was 
bubbled continuously. Tap water was added periodically to keep 
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the water level constant. Treatments were in triplicate and 
the experiments were completely randomized. 
At the end of a 2-week growth period the roots were rinsed 
with copious amounts of distilled water to remove the soil. 
The suspension and washings from the roots were centrifuged, 
and the supernatant solutions were decanted into an Erlenmeyer 
flask. The soil was then extracted of organic phosphorus by 
the modified method of Mehta et with 0.5M P^e-
treatment as described in the preceding section. The combined 
supernatant solutions and extracts, making up a total volume of 
250 ml., were analyzed for organic phosphorus. 
Results and discussion 
The results of three experiments with corn and three with 
tomato are shown in Table 7. The individual values given in 
the table are averages of duplicate analyses. 
The column headed (A-B) represents the organic phosphorus 
in the soil in the presence of plants after substraction of the 
organic phosphorus present in cultures containing plants but no 
soil. The last column gives the organic phosphorus values in 
soil with water added but no plants. The mean values indicate 
that organic phosphorus mineralization took place in soil which 
was in suspension in all six trials. In two of the three 
experiments with each of the two crops, the loss of organic 
phosphorus in the presence of a plant exceeded the loss of 
organic phosphorus in the absence of a plant. In one experiment 
with each crop the loss of organic phosphorus in the control 
Table 7. Organic phosphorus content of soil originally and. after incubation in the 
presence and absence of plants in three experiments with corn and three 
experiments with tomato 
Organic phosphorus per culture (0.5g. of soil), ug. 
Seedling 
Original + soil Seedling Soil 
Crop Experiment soil + water (A) + water (B) (A-B) + water 
Corn 1 218 
215 (217)* 
245 
181 
225 
(217) 
37 
44 
29 
(37) (180) 
213 
173 
202 
(196) 
Corn 2 234 
238 (236) 
253 
287 
264 
(268) 
34 
34 
30 
(32) (236) 
238 
225 
227 
(230) 
Corn 3 232 
221 
(227) 216 
240 
282 
(246) 14 
113 
8 
(45) (201) 214 
207 
200 
(207) 
Tomato 1 227 
230 (229) 
209 
216 
216 
(214) 
7 
6 
9 
(8) (206) 
207 
218 
209 
(211) 
Tomato 2 232 
234 (233) 
226 
227 (227) 
14 
7 
5 
(9) (218) 
220 
214 
213 
(216) 
"Values in parenthesis are means. 
Table 7, (Continued) 
Organic phosphorus per culture (0,5g. of soil), ug. 
Seedling 
Original + soil Seedling Soil 
Crop Experiment soil + water (A) + water (B) (A-B) + water 
Tomato 3 189 166 12 188 
196 (193) 191 (178) <") (166) (181) 
177 -- 169 
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was greater than the loss from the soil in the presence of a 
plant. This is the same type of result obtained by Sekhon 
(1962). Thus the majority of the trials (and also the over-all 
means) seem to indicate that the loss of organic phosphorus 
from soil containing a plant exceeded the loss from control 
soil without plant. Nevertheless, the variability is such that 
no significance can be attached to the difference in soil 
organic phosphorus due to the presence of plants in these 
experiments. 
The variability of the results was greater with corn than 
with tomato, and the principal variation occurred in cultures 
containing the plants. The variability of the results from 
control cultures containing soil and water was about the same 
in the corn experiments as in the tomato experiments. The 
variability in the cultures containing corn plants thus seemed 
to be associated with the cultures and not with analyses in the 
laboratory. This behavior may be explained on the basis that 
the presence of corn plants caused addition of organic phospho­
rus to the external medium, either directly or indirectly 
through release of organic substances that caused an increase 
in numbers of microorganisms and hence in production of organic 
phosphorus. The nutrient-deficient, nonvigorous condition of 
the corn plants may have caused excessive variability in 
respect of release of organic matter to the medium. The tomato 
plants were supplied with nutrients prior to the test period 
and appeared in better condition than the corn plants. 
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In these experiments the soil was in direct contact with 
the roots of the seedlings, and it was impossible to wash it 
all off at the end of the experiment, (In view of experimental 
evidence to be reported subsequently, however, it is doubtful 
that enough soil was lost to account for the observed varia­
bility in the results.) To avoid direct contact between roots 
and soil, an attempt was made to use a perfusion technique. 
With this technique plant roots could be kept distinctly sepa­
rate from the soil. This technique proved to be prone to 
trouble, and no data obtained from its use will be reported. 
The experience obtained, however, emphasized the importance of 
growth of algae in the cultures and the need to darken the 
~ interior of the tubes in future work. 
To control the nutrient-deficient condition of the corn 
plants, if that indeed were the problem, two possibilities were 
suggested: (a) to supply the corn with nutrients before the 
test period and (b) to make the test period earlier and shorter. 
It appeared also that a technique was needed which would (a) 
permit the plant roots to be kept out of direct contact with 
the soil particles or (b) provide an estimate of the amount of 
soil remaining on the root surfaces after washing. The next 
group of experiments, now to be described, incorporated several 
modifications resulting from the experience gained. 
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Short-Term Effects, Second Group of Experiments 
Method 
Corn seedlings were germinated singly in sand in 50-ml. 
polypropylene centrifuge tubes and were supplied with a one-
fifth-strength Hoagland solution containing magnesium sulfate, 
calcium nitrate, monobasic potassium phosphate and potassium 
nitrate. It usually took about 4 days for the radicle of the 
corn plant to emerge. For the next 6 days the germinated 
seedlings were supplied with the nutrient solution. The 
seedlings were then used in the experiments. 
As an adaptation to segregate the roots from the soil 
physically while maintaining good chemical contact through the 
solution, the soil was enclosed in a bag made of two flat, 
pear-shaped pieces of Teflon-coated glass-fiber filter material 
(made by Pallflex Products Corp. and distributed by New Jersey 
Scientific Supply Co., Middlebush, New Jersey) and about 2.5 by 
4.5 cm. in size, joined around the perimeter by epoxy resin. 
The bags contained 0.5g, of Harpster silty clay loam (F2868). 
The bags were fitted with nylon threads to allow easy manipu­
lation inside the centrifuge tubes. 
Bags containing soil were placed in 50-mI, polypropylene 
centrifuge tubes which had been covered with black vinyl 
electrical tape. In certain treatments a corn seedling was 
held in the tubes through one hole of a two-hole rubber stopper, 
the other hole being fitted with an aeration tube. After the 
seedling had been inserted in the centrifuge tube, 30 ml. of 
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tap water were added, the stopper was put in place, and aer­
ation was started. As controls a tube containing a bag with 
soil but no seedling and a tube containing a bag without soil 
but with seedling present were placed alongside. All tubes 
were constantly aerated for 7 days, with tap water being added 
periodically to maintain a constant level. 
Figures 1 and 2 are pictures of corn and tomato seedlings 
taken during the development stages of the technique. Figure 3 
shows part of a preliminary experiment with the plants in 
place. 
At the end of 7 days in the greenhouse the tubes were 
dismantled, and the roots of the seedlings were rinsed with 
distilled water. The washings plus the water in the tubes were 
centrifuged and decanted into Erlenmeyer flasks. The bags with 
or without soil were carefully split open and shredded. Where 
soil was present, precaution was taken to transfer all of it to 
the polypropylene tubes» This was accomplished by washing the 
shredded bags with 35 ml. of 0,5M Na^COg solution. The tubes 
were stoppered and shaken overnight on a wrist-action shaker, 
and this marked the beginning of the organic phosphorus ex­
traction. The combine solutions and soil extracts were made up 
to 250 ml. and were analyzed for organic phosphorus. 
Results and discussion 
The results of two experiment with corn are summarized in 
Table 8, The values are averages of duplicate determinations. 
The loss of organic phosphorus from soil with a plant was not 
58 
Figure 1. Photograph showing tape-covered polypropylene 
culture tube and stopper holding a corn plant and a 
glass tube for aeration. Nylon threads attached to 
the porous bag containing the soil show at the side 
of the tube. The corn plant illustrated is from a 
preliminary trial in which no nutrients were 
supplied. At the time the picture was taken, the 
plant had been in the tube about 2 weeks. 
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Figure 2. Photograph showing tape-covered polypropylene 
culture tube and stopper holding a tomato plant and 
a glass tube for aeration. 
Figure 3, Photograph showing part of a preliminary experiment with tomato plants in 
place in polypropylene culture tubes covered with black vinyl electrical 
tape. Glass tubes extending from the tops of rubber stoppers lead to the 
supply of filtered compressed air in the Plexiglass manifold below. The 
nylon threads are attached to the porous bags in the tubes. 
Table 8. Organic phosphorus content of soil originally and after incubation in the 
presence and absence of corn seedlings in two experiments 
Organic phosphorus per culture (0.5g. of soil), ug. 
Experiment 
Original 
soil 
Seedling 
+ soil 
+ water (A) 
Seedling 
+ water (B) (A-B) 
Soil 
+ water 
1 242 240 19 236 
248 (249) 248 (243) 16 (19) (223) 223 (225) 
256 240 22 215 
2 253 253 21 233 
238 (251) 251 (24^*) 14 (]-7) (232) 221 (232) 
261 244 15 242 
^Values in parentheses are means. 
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appreciably different from the loss of organic phosphorus from 
soil without a plant. No statistical analyses were made be­
cause it was obvious the difference was not significant in 
either experiment. 
Perhaps because of the changes in technique incorporated 
in these two experiments, the precision was much better than 
before. The close agreement between the values for organic 
phosphorus in the cultures of soil with and without plants made 
it appear that demonstration of any significant difference due 
to the presence of plants (after correction for the organic 
phosphorus in the cultures containing plants in water without 
soil) in experiments of this type would require many repetitions. 
In preference to repeating the experiment the required number 
of times, it seemed preferable to accept the effect of corn 
seedlings as being small or nil, as determined by this tech­
nique, and to conduct other experiments in a different way in 
the hope of learning more about the possible effect. These 
experiments are described in the next section. 
Long-Term Effects 
Introduction 
Under natural conditions any effect of roots on soil 
organic phosphorus would probably be confined to a thin annulus 
of soil around each root and hence would be evidenced in only a 
small proportion of the total soil. Use of a small quantity of 
soil as in previous experiments should thus simulate natural 
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conditions to the extent that the total effect of the plant is 
concentrated on a small quantity of soil. At the same time the 
sensitivity of the test should be increased because the small 
quantity of soil can be analyzed in total whereas in practice 
the small quantity of soil affected would be diluted by much 
nonaffected soil. 
Despite the improved sensitivity provided by use of a 
small quantity of soil, the 1-week period of contact used in 
the preceding experiments may not be long enough to produce the 
degree of sensitivity of which the technique is capable. 
Moreover, it is conceivable that an increase in mineralization 
of soil organic phosphorus might exist in practice in conse­
quence of the increased phosphatase activity in the root zone 
associated with continuous production of new root-cap material 
but that the phosphatase activity is not maintained under the 
artificial conditions in the tubes because of little production 
of new root-cap material. The method adopted to investigate 
this possibility was to grow several seedlings successively in 
the same cultures. 
At this point still another question seemed important. 
The practice of segregating the soil from the roots in the 
Teflon-coated glass-fiber bags has the advantage of preventing 
loss of soil by adherence to the roots of the plants. Never­
theless, the situation is artificial, and it is conceivable 
that direct contact between soil and roots could produce an 
effect that would not occur with soil kept segregated as it was. 
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For example, enzymes held in the root epidermis might produce 
an effect that could not be observed except by direct contact. 
Accordingly, it seemed important to include for comparison some 
cultures in which direct contact between soil and roots was 
possible and others in which the soil was segregated as before 
in Teflon-coated glass-fiber bags. 
Method 
Each of the five groups of corn seedlings grown succes­
sively in the cultures was germinated in sand at the appropriate 
time and supplied with nutrients for 6 days before use in the 
experiment as described for the preceding group of experiments. 
The roots were then washed free of sand, and the seedlings were 
transferred to other 50-ml. polypropylene centrifuge tubes 
covered with black vinyl electrical tape. Each tube then re­
ceived 30 ml, of tap water, and continuous aeration was 
started. Treatments included (1) corn seedling with 0.5g. of 
Harpster silty clay loam (F2868) in a Teflon-coated glass-fiber 
bag, (2) corn seedling alone, and (3) 0.5g. of soil in a bag 
with no corn seedling. At the end of 1 week the roots of the 
seedlings were washed with water, and the washings were re­
turned to the tubes. A second group of seedlings was then 
introduced into the same cultures used for the first group. At 
the end of 1 week these seedlings were removed as before, and 
another set was introduced. This procedure was repeated until 
five successive groups of seedlings had been present in the 
cultures for 1 week each. Finally the organic phosphorus was 
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determined in each culture and in samples of control soil that 
had been maintained in air-dry condition. As a control a bag 
was present in each culture, and the original soil similarly 
was placed in a bag before analysis for organic phosphorus. 
Other details of the method were as described for the preceding 
group of experiments. This experiment was done twice at differ­
ent times with triplicate cultures in each experiment. 
Another experiment, also done twice at different times with 
triplicate cultures in each experiment, was carried out to find 
the effect of corn seedlings on the organic phosphorus content 
of Harpster silty clay loam (F2868) that was suspended in the 
solution in direct contact with the plant roots and not confined 
in a bag. This experiment was done like the one described in 
the preceding paragraph, with five successive groups of corn 
seedlings in the cultures for 1 week each, but a modification 
was introduced in the method of analysis to provide a correction 
for the amount of soil lost by removal on the roots of the 
seedlings. 
To provide an estimate of the quantity of soil that adhered 
to the roots after washing, the washed roots of the five 
seedlings from a given replicate were dried, composited, weighed 
and ashed, and the weight of ash was taken. Simultaneously, 
the weight of a sample of soil before and after ashing was 
determined. On the assumption that the ash percentage in the 
control roots was the same as that in the roots in contact with 
soil, the increase in ash percentage in the samples which had 
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been in contact with, soil was taken as contamination from ashed 
soil. The weight of soil adhering to the roots may then be 
estimated with the aid of the following equation: 
Wt. of Wt, of 
Wt. of Total dry ash from Total wt. of 
Wt. of control wt. of control - control dry roots and 
soil _ soil ash roots soil adhering soil 
to^roots . of Wt. of dry Wt. of ash Wt. of 
control control - from control control 
soil ash roots roots soil 
Results and discussion 
Losses of soil due to adherence to roots were negligible. 
The maximum loss was estimated at 2.6 mg. of soil from 0.5 g of 
sample employed. Soil loss was therefore disregarded as a 
significant factor in results, and detailed data on losses are 
not given. Values for organic phosphorus are calculated on the 
basis of 0,5 g of soil without correction for losses. 
The organic phosphorus data obtained in the two groups of 
experiments are shown in Tables 9 and 10. The results obviously 
are of two types: Where the roots were segregated from the soil 
(Table 9), the results indicate that the organic phosphorus 
content of the cultures was lower in the presence of plants than 
in their absence. Where the corn roots were in contact with 
soil particles (Table 10), the results indicate that the organic 
phosphorus content of the cultures was higher in the presence 
of plants than in their absence. These results are conflicting, 
but perhaps there may be an explanation. If there occurs, in 
fact, a decrease in soil organic phosphorus in the presence of 
Table 9. Organic phosphorus content of soil originally and after incubation in the 
presence and absence of five successive crops of corn seedlings, the soil 
being in a Teflon-coated glass-fibre bag to prevent direct contact of roots 
and soil 
Organic phosphorus per culture (0.5g, of soil), ug. 
Experiment 
Original 
soil 
Seedling 
+ soil 
+ water (A) 
Seedling 
+ water (B) (A-B) 
Soil 
+ water 
1 258 300 91 233 
244 (251)+ 305 (296) 70 (76)  (220)  240 (237) 
252 283 68 238 
2 275 340 94 259 
281 (283) 322 (331) 85 (81) (250) 258 (262) 
293 43 r  63 269 
"^Values in parentheses are means. 
*Value omitted from the average. A rather profuse growth of fungus occurred in 
this culture. No growth of fungus was evident in the other cultures. 
Table 10. Organic phosphorus content of soil originally and after incubation in the 
presence and absence of five successive crops of corn seedlings, the soil 
being in suspension in direct contact with the roots. 
Organic phosphorus per culture (0,5g. of soil), ug. 
Seedling 
Original + soil Seedling Soil 
Experiment soil + water (A) + water (B) (A-B) + water 
1 271 369 37 332 245 
277 (268)* 340 (340) 33 (37) 303 (303) 257 (255) 
277 306 43 269 263 
2 281 293 65 234 255 
281 (281) 351 (317) 57 (59) 293 (258) 243 (251) 
282 308 55 249 256 
'Values in parentheses are means. 
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plant roots where the roots are segregated from the soil, this 
would imply that the increase in the organic phosphorus content 
of the cultures in which the soil is in direct contact with 
roots is a consequence of some interaction between the soil and 
the roots. The possibility that the roots are abraded by 
continuous movement of soil particles through the solution due 
to aeration comes immediately to mind as an explanation. The 
experiment described in the next section was conducted to in­
vestigate the possible abrasive effect of the soil particles. 
The effect of plants in decreasing the organic phosphorus where 
the soil and roots were segregated (Table 9) will be considered 
sub se quen t ly. 
Abrasive Effect of Continuous Movement of Soil 
Particles Around the Roots 
Introduction 
The purpose of this experiment was to find whether the 
increase in organic phosphorus content of soil due to the 
presence of plants in the preceding experiment might be attri­
buted to an abrasive effect of the continuously moving particles 
on the roots. To simulate the supposed abrasive effect, 100-
mesh quartz sand and soil previously extracted of organic 
phosphorus were used. The soil was from the same stock supply 
as that used in the preceding experiment, and the extraction 
process presumably produced an essentially mineral residue with 
particle-size distribution in the coarser size range (which 
should have the greatest abrasive effect) similar to that of the 
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unextracted soil. The abrasive effect was measured in terms 
of the organic phosphorus content of the medium after growth of 
the test plants because this was the aspect of abrasion of 
primary concern here. 
Method 
Corn seedlings which had been germinated in sand and grown 
6 days with nutrients were placed in centrifuge tubes, the 
details of the process being the same as in the preceding ex­
periment. The tubes contained either 0.5g of 100-mesh quartz 
sand or 0.5g of extracted Harpster silty clay loam (F2858). 
Alongside these were tubes containing a seedling alone in water, 
0,5g of quartz sand alone in water, and 0.5g of extracted soil 
alone in water. The volume of tap water was 30 ml. in each case. 
The seedlings were maintained in the cultures 2 weeks. Con­
tinuous aeration was used in all cultures. 
To prepare the extracted soil, 0.5g of soil first extracted, 
according to the method for determining organic phosphorus was 
washed with water and then shaken with 35 ml. of IN calcium 
acetate solution for 2 hours to neutralize the soil and to 
substitute calcium for sodium. Following this, the residue was 
shaken with IN calcium chloride solution for 2 hours to remove 
the acetate. The excess calcium chloride was removed with water, 
and the soil residue was suspended in the 30 ml. of tap water in 
which the seedlings were grown. 
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Results and discussion 
Results of the experiment are shown in Table 11. The higher 
values for organic phosphorus in cultures permitting abrasion 
of roots by moving mineral particles than in the control cultures 
to which no mineral particles were added verify that abrasion 
does occur and that it may have been responsible in part for 
the effect of plants in increasing the organic phosphorus content 
of soil cultures in the long-term experiment described previ­
ous ly. 
Table 11. Organic phosphorus content of sand and extracted soil after incubation 
in the presence and absence of corn seedlings, the sand and soil being 
in suspension in direct contact with the roots 
Organic phosphorus per culture, ug. 
Seedling + sand 
or extracted Sand or extracted Seedling 
Abrasive agent soil + water (A) soil + water (B) (A-B) + water 
Sand 23 -4 15 
11 (23)  +  -3 (-4) (27)  17 (16) 
34 -5 15 
Extracted 31 6 15 
soil 
33 (37)  5 (6) (31)  17 (16) 
47 9 15 
"^Values in parentheses are means. 
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PHOSPHATASE ACTIVITY IN ROOT EXTRACTS 
Introduction 
Where effects of abrasion of roots by soil particles were 
controlled by confining the soil in a porous bag, the presence 
of corn seedlings resulted in a measurable decrease in the 
organic phosphorus content of soil in the previously described 
experiments lasting 5 weeks. In view of the evidence on 
phosphatase activity in relation to plants and soils, the most 
likely cause of the decrease in organic phosphorus seemed to be 
that the presence of plants increased the phosphatase activity 
in the solution, and the phosphatase in the solution then 
penetrated through the porous filter material holding the soil 
and increased the mineralization of organic phosphorus in the 
soil. Experiments accordingly were undertaken to check the 
supposed mechanism. The first step seemed reasonably to be to 
check the solutions in which plants had been grown to verify 
the presence of phosphatase activity. These experiments, in­
cluding work on corn, tomato, and pine, are described in the 
present section. 
Phosphatase Activity in Corn Root Extracts 
First experiment 
Twelve corn seedlings not previously supplied with nutri­
ents were grown together in 400 ml. of tap water for 1 week. 
The roots of the seedlings were rinsed with a fine spray of 
water, and the solution plus the rinsings from the roots were 
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centrifuged. The supernatant solution was filtered through a 
nylon cloth, and aliquots of 0, 5, 10, 20 and 25 ml. of the 
solution, henceforth referred to as enzyme extract 1, were 
pipetted into 125-ml, erlenmeyer flasks calibrated at 50 ml. 
and containing approximately 300 ug. of P in the form of either 
disodium phenylphosphate (284 ug. of P) or sodium glycero­
phosphate (311 ug. of P) as organic phosphorus substrates. The 
excess enzyme extract 1 was kept in a refrigerator. Appropriate 
quantities of distilled water were added to make a total volume 
of 50 ml. of solution, and the flasks were shaken on a wrist-
action shaker for 20 hours at room temperature. Blanks of 0, 
5, 10, 20 and 25 ml. of enzyme extract which contained no added 
organic phosphorus substrates were incubated simultaneously. 
At the end of the incubation period 10-ml. aliquots were taken, 
and inorganic phosphorus was determined colorimetrically by the 
method of Dickman and Bray (1940) as modified by Legg and Black 
(1955). 
The results of the experiment are shown in Table 13. Each 
value is an average of two determinations. The results indi­
cate that the solution in which the corn plants were grown 
contained a substance which was capable of hydrolyzing part of 
the organic phosphorus substrates to the inorganic form. The 
activity of the extract increased almost linearly with in­
creasing volume and, hence, concentration of the enzyme extract. 
Table 13. Inorganic phosphorus produced from the action of different volumes of 
enzyme extract 1 from corn roots on disodium phenylphosphate and sodium 
glycerophosphate 
Inorganic phosphorus produced from substrate, ug. 
Disodium phenyl- Sodium 
Volume of enzyme phosphate glycerophosphate 
extract 1 added, ml, substrate substrate 
0 0 0 
5 8.8 7.5 
10 
00 CO I—1 
21.0 
20 28.5 28.0 
25 34.3 33.0 
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Second experiment 
Following the previous experiment, 12 corn seedlings were 
germinated and supplied with one-fifth-strength Hoagland so­
lution for 6 days. The roots were washed, and the plants were 
then grown singly in 30 ml. of tap water in aerated centrifuge 
tubes in the greenhouse in the manner employed in experiments 
on short-term effects of plants on the organic phosphorus con­
tent of soil (second group of experiments described previously). 
After 7 days the roots were washed, and the washings from the 
roots plus the solution in which they had been growing were 
centrifuged. The supernatant liquids were combined and filtered 
through nylon cloth, and aliquots of 0, 5, 10, 20 and 25 ml. of 
the resulting solution (enz57me extract 2) were added to samples 
of the two organic phosphorus substrates as in the preceding 
experiment. Appropriate blanks were included also. After the 
flasks had been shaken for 20 hours at room temperature, 
inorganic phosphorus was determined. 
The results in Table 14 show the presence of some activity 
in the extract, but the concentration of the active material 
seemed to be low compared to that in enzyme extract 1. 
Third experiment 
At this stage it was decided to ascertain whether a more 
concentrated extract could be obtained by growing more 
seedlings per unit volume of water. The procedure was the same 
as that used in preparation of enzyme extract 1 except that 14 
seedlings per 400 ml. and 20 seedlings per 500 ml. of water 
Table 14. Inorganic phosphorus produced from the action of different volumes of 
enzyme extract 2 from corn roots on disodium phenylphosphate and sodium 
glyc erophosphat e 
Inorganic phosphorus produced from substrate, ug. 
Volume of enzyme 
extract 2 added, ml. 
Disodium phenyl­
phosphate 
substrate 
Sodium 
glyceropho sphat e 
substrate 
0 0 0 
5 
10 
20 
25 
1.0 
4.2 
5.2 
7.2 
2 .7  
5.5 
6.0 
8.0 
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were used. The two solutions obtained were designated as 
enzyme extracts 3 and 4. Results of the test of activity in 
Table 15 indicate again a relatively high activity and an in­
crease in activity with the number of plants per unit volume of 
water. As in the case of enzyme extract 1, the excess solutions 
were kept under refrigeration. 
Fourth experiment 
If the substance responsible for the hydrolysis of the 
organic phosphorus substrate in experiments 1, 2, and 3 were 
indeed an enzyme, it should be possible to eliminate its 
activity by heat treatment ; enzymes, being proteins, are 
denatured and rendered inactive by heating. To determine 
whether heating would have the expected effect, a portion of 
enzyme extract 3 was heated for 3 hours at 90°C. The effect of 
different volumes of unheated and previously heated extract on 
dephosphorylation of disodium phenylphosphate was then de­
termined in the manner described for the first experiment. 
Table 16 gives the results obtained. The values are averages 
of two determinations. Heating eliminated the capability of 
the extract to split inorganic phosphate from the substrate as 
would be expected if the active substance were an enzyme or a 
group of enzymes. 
Fifth experiment 
To determine the effect of solution pH on the activity of 
the enzyme from the solution around corn roots, aliquots of 
disodium phenylphosphate solution containing 284 ug. of 
Table 15. Inorganic phosphorus produced from the action of different volumes of 
enzyme extracts 3 and 4 from corn roots on disodium phenylphosphate 
Inorganic phosphorus produced from substrate, ug, 
Volume of enzyme 
extract added, ml. Enzyme extract 3 Enzyme extract 4 
0 0 0 
5 21.2 24.6 
10 49.3 102.2 
20 108.5 180.3 
25 117.8 186.3 
Table 16. Inorganic phosphorus found in solution after action of different volumes 
of unheated and previously heated enzyme extract 3 from corn roots on 
disodium phenylphosphate 
Inorganic phosphorus found in solution, ug. 
Volume of enzyme 
extract added, ml. 
Enzyme extract 
unheated 
Enzyme extract 
previously heated 
to 90OC. 
0 34.1 34.3 
5 55.3 36.0 
10 83.4 33.5 
20 142.6 32 .6  
25 151.9 32.3 
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phosphorus were pipetted into a series of beakers; to each of 
these were added 10 ml. of enzyme extract 3. In the acid range 
20 ml. of O.IM 3.3-dimethyl glutaric acid were added, and the 
pH of the buffered solutions was adjusted with 0.5N NaOH. In 
the alkaline range 20 ml. of 0.2M tris (hydroxymethyl) amino 
methane were added, and the pH was adjusted with 0.5N HCl. 
After adjustment to the desired pH, the solutions were trans­
ferred to 125-ml, erlenmeyer flasks and made up to the 50-ml. 
calibration mark with distilled water. The flasks and their 
contents were shaken for 20 hours at room temperature. 
Inorganic phosphorus was then determined in the usual way. 
The results of the experiments are shown in Table 17. 
There were two distinct peaks of phosphate release, one at pH 
5.0 and the other at pH 10.0. At pH 12.0 there was no notice­
able activity. The occurrence of peaks of optimum activity at 
pH 5.0 and pH 10.0 indicates the presence of both acid and 
alkaline phosphatase in the extract. The major activity was 
shown at pH 10.0, indicating a predominance of alkaline 
phosphatase. 
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Table 17. Inorganic phosphorus produced from the action of 
enzyme extract 3 from corn roots on disodium phenyl-
phosphate at different pH values 
Inorganic phosphorus 
produced from 
pH substrate, ug. 
2.0 8.5 
3.0 11.2 
4.0 12,5 
5.0 31.2 
6.0 28 .4  
7.0 18.3 
8.0 77.3 
9.0 - 95.0 
10.0 100.4 
11.0 72;7 
12.0 0 
Phosphatase in Tomato Root Extracts 
First experiment 
Tomato seedlings were grown 35 to 40 days in sand supplied 
with nutrients from a one-fifth-strength Hoagland solution. 
The roots were then carefully washed with water, and each of 
two batches of 12 plants was allowed to grow in 400 ml. of tap 
water for 7 days. The culture medium was then centrifuged, and 
the supernatant liquids were filtered through nylon cloth to 
83 
obtain the so-called enzyme extracts, which were then bulked 
and stored in a refrigerator at 5°C. and used as needed in the 
experiments. 
A test for phosphatase activity in the enzyme extract was 
made with disodium phenyIphosphate as substrate according to 
the method described for the first experiment on phosphatase 
activity in corn root extracts. The results in Table 18 indi­
cate the presence of phosphatase activity. An approximately 
linear increase of hydrolysis with volume of enzyme extract may 
be observed. 
Table 18. Inorganic phosphorus produced from the action of 
different volumes of enzyme extract from tomato 
roots on disodium phenyIphosphate 
Volume of enzyme Inorganic phosphorus produced 
extract added, ml. from substrate, ug. 
0 0 
5 7.0 
10 14.5 
20 29 .8  
25 33.7 
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Second experiment 
To determine whether the catalytic effect of the enzyme 
extract on disodium phenylphosphate was inactivated by heating, 
thereby justifying the term "enzyme extract," a quantity of the 
extract was maintained at 90°C. for 3 hours. The effect of 
different volumes of the heated extract on dephosphorylation of 
disodium phenylphosphate was then determined in the manner de­
scribed for the fourth experiment with corn root extracts. The 
results in Table 19 show that the activity was eliminated by 
heat treatment, thus providing evidence for tomato similar to 
that obtained for corn. 
Third experiment 
To investigate the effect of solution pH on the activity 
of the enzyme from tomato roots, aliquots of the enzyme extract 
and disodium phenylphosphate were adjusted to different pH 
values, and the inorganic phosphorus produced from the substrate 
was determined as described for the fifth experiment on corn 
root extracts. The result in Table 20 indicate the presence of 
two minor peaks of optimum activity in the acid range at pH 3.0 
and pH 5.0 and a major peak at pH 10.0. As with the extract 
from corn roots, therefore, the activity in the extract from 
tomato roots appears to be mostly alkaline phosphatase with a 
little acid phosphatase. 
With neither the extract from corn roots nor the extract 
from tomato roots, it should be noted, may the phosphatase 
activity be said to be derived directly from the plants. No 
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Table 19. Inorganic phosphorus found in solution after act i on 
of different volumes of previously heated enxyme 
extract from tomato roots on disodium phenyIphosph.;* < 
Volume of previously 
heated enzyme Inorganic phosphorus 
extract added, ml. found in solution, ug. 
0 49.1 
5 49.0 
10 47.7 
20 49.4 
Table 20. Inorganic phosphorus produced from the action of th(-
enzyme extract from tomato roots on disodium 
phenylphosphate at different pH values 
Inorganic phosphorus produced 
pH from substrate, ug. 
2.0 6.6 
3.0 10.9 
4.0 8.6 
5.0 10.2 
6.0 6.9 
7.0 6.6 
o
 
00 
13.9 
9.0 21.0 
10.0 31.5 
11.0 6.4 
o
 • 
C
N
 r—
1 
0 
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attempt was made to grow the plants under sterile conditions, 
and so the phosphatase activity observed may be attributed 
partly to the plants and partly to microorganisms developing on 
organic materials derived from the plants. 
Phosphatase Activity in Pine Root Extracts 
Introduction 
Evidence mentioned in the review of literature indicates 
that formation of mycorrhizae on pine seedlings grown on 
phosphorus-deficient soil may have an effect on growth and 
phosphorus uptake similar to that produced by a heavy application 
of phosphate fertilizer to nonmycorrhizal plants. Although 
there is no evidence that mycorrhizae enable plants to use soil 
organic phosphorus, the evidence that they do not act in this 
way is by no means conclusive. The remarkable effect of mycor­
rhizae on phosphorus nutrition suggested the possibility that 
phosphatase activity might be for greater around mycorrhizal 
roots than around nonmycorrhizal roots and that this greater 
activity might provide a partial explanation for the improved 
phosphorus nutrition of mycorrhizal plants. 
Pine seedlings grown in the field are normally infected by 
mycorrhizal fungi. To produce comparable plants with and 
without infection suitable for testing the hypothesis about 
phosphatase activity requires special conditions of culture. 
In this section are described the steps used to grow pine 
seedlings with and without mycorrhizae and the results of the 
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tests of phosphatase activity. 
Preparation of seedlings 
To ensure freedom from mycorrhizae, white pine seedlings 
were grown from seed (supplied through the courtesy of J. 
Grebasch, Iowa Conservation Commission Nursery, Ames, Iowa). 
The seeds were first sterilized for 1 minute in a 0.1 per cent 
solution of mercuric chloride and then were rinsed immediately 
with distilled water. 
Normally, white pine seeds must be kept cold and moist for 
from 30 to 90 days to break their dormancy, but in the present 
work a modification of the short-cut substitute suggested by 
Rudolf (1950, 1952) was used. Five hundred seeds were placed 
in water in an open vessel that was shaken continuously for 18 
days in an incubator at 5°C. The water was changed every 3 
days. 
On the 18th of May, 1966, after the initial soaking period, 
320 seeds were planted at 3/8-inch depth in acid-washed sand in 
polyethylene pans, the bottoms of which carried drainage tubes; 
the pans with the planted seeds were placed in a constant 
temperature room at 24°C. 
Germination started on the 29th of May, 11 days after 
planting, and continued for a further 2 weeks. Of 320 seeds 
planted, 124 germinated within 25 days of planting. As a check 
on the method of breaking the dormancy of these seeds, 140 
sterilized seeds were treated by the conventional method of 
moist, cold stratification. The seeds were placed between 
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moist filter papers in petri dishes and kept in an incubator at 
5°C for 6 weeks. Of the 140 seeds planted, 57 germinated. The 
41 per cent germination in this trial compares with 39 per cent 
germination of the soaked seeds which were kept cold for less 
than one-half the time. 
The 124 seedlings obtained from the soaked seeds were 
divided into two lots, one to be inoculated and the other to 
remain free of mycorrhizal fungi. From germination until in­
oculation, these seedlings were supplied intermittently with 
one-fifth-strength Hoagland solution. The seedlings obtained 
from germination of the seeds treated for 6 weeks according to 
the conventional method were not used. 
Inoculation of seedlings 
The seedlings were allowed to grow in the constant temper­
ature room until August 1, 1966, when part of them were in­
oculated. For inoculation, mycorrhizal white pine seedlings 
approximately 2 years old were obtained from the nursery. The 
roots were washed with tap water to remove adhering soil. The 
roots were then placed in beakers of water for a day and were 
again washed with tap water. Root pieces bearing active, clean 
looking mycorrhizae were severed from the main root system and 
disintegrated in a Waring blender for 1 minute. The finely 
divided product was suspended in more water and was used to 
inoculate one-half of the seedlings on August 2, 1966. The 
roots were examined 4 weeks later and were found to be infected. 
Additions of nutrient solution were then begun again and made 
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regularly. 
Two sets of mycorrhizal white pine seedlings approximately 
8 months and l-g years old were brought from the field on 
November 1, 1966. The roots were washed with tap water to 
remove adhering soil, and. the seedlings were replanted in sand 
in the greenhouse. The nonmycorrhizal and mycorrhizal seedlings 
grown from seed were brought from the constant temperature room 
and placed alongside the samples obtained from the field. 
Nutrient solution was added regularly to all groups of seedlings 
in the greenhouse. 
Figure 4 shows the four types of seedling on June 2, 1967, 
at the approximate time of the phosphatase tests. Figure 5 is 
a close-up of nonmycorrhizal and mycorrhizal roots from the 
seedlings grown from seed. 
Phosphatase tests 
Single seedlings of the four classes illustrated in Figure 
4 were grown in 30 ml. of water in centrifuge tubes with aer­
ation for 17 days. The water culture or "enzyme extract" from 
each seedling was centrifuged, and the supernatant liquid was 
decanted into 50-ml. volumetric flasks and made up to volume 
with distilled water. Duplicate aliquots of 10 ml. were added 
to disodiim phenyIphosphate substrate, and the mixture was 
incubated for 20 hours at room temperature. The incubated 
samples were analyzed for inorganic phosphorus. Appropriate 
blanks were treated in similar manner. The detailed procedure 
was the same as described for the first experiment with corn 
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Figure 4. Appearance of white pine seedlings at the approximate 
time of the phosphatase test. From left to right the 
seedlings are (1) nonmycorrhizal plant, approximately 
1 year old; grown in the laboratory and greenhouse 
from seed; (2) mycorrhizal plant, approximately 1 
year old, grown in the laboratory and greenhouse from 
seed ; (3) mycorrhizal plant, approximately 1 year 
old, obtained from the field ; and (4) mycorrhizal 
plant approximately 2 years old, obtained from the 
field. 
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Figure 5. Close-up view of sections of nonmycorrhizal (left) 
and raycorrhizal (right) roots of white pine 
seedlings, approximately 1 year old, grown in the 
laboratory and greenhouse from seed. Each of the 
scale divisions at the bottom is equivalent to 1 mm. 
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root extracts. 
The results of the experiment are shown in Table 21. The 
indications are that none of the extracts from either mycor-
rhizal or nonmycorrhizal roots contained phosphatase in 
quantities of any significance. 
Table 22 gives the results of another experiment in which 
an attempt was made to find whether an increase in concentration 
of extract would produce measurable levels of phosphatase 
activity. Six of the 2-year-old mycorrhizal seedlings obtained, 
from the field were grown in 500 ml. of water with aeration for 
10 days. Twelve of each of the other three types of seedlings 
were grown for 10 days in 300-ml. quantities of water. The 
"enzyme extracts" were prepared from the solutions after re­
moval of the plants by centrifuging them and decanting the 
supernatant solution through nylon cloth. In the phosphatase 
test with disodium phenylphosphate, both 10- and 20-ml, ali­
quot s were used. The detailed procedure was the same as 
described for the first experiment with corn root extracts. 
The results in Table 22 indicate that phosphatase activity, 
if present at all, was found only in traces compared to the 
phosphatase activity found previously in solutions similarly 
derived from roots of corn and tomato. These findings do not 
verify the hypothesis that the improvement of phosphorus nu­
trition of pine seedlings due to development of mycorrhizae is 
a consequence of greater phosphatase activity in soil around 
mycorrhizal roots than around nonmycorrhizal roots. 
Table 21. Inorganic phosphorus derived from disodium phenylphosphate as a result of 
action of different enzyme extracts from pine roots 
Source of enzyme extract 
Inorganic phosphorus 
derived from substrate, ug, 
One year old seedling, nonmycorrhizal 35 .4  
One year old seedling, mycorrhizal 
One year old seedling, mycorrhizal, field grown 
Two year old seedling, mycorrhizal, field grown 
None 
35.5 
35.3 
36.1 
35.6 
Table 22. Inorganic phosphorus derived from disodium phenylphosphate as a result of 
action of enzyme extracts from mycorrhizal and. nonmycorrhizal pine 
seedlings 
Inorganic phosphorus derived 
Source of phosphatase and volume of aliquot tested from substrate, ug. 
One-year--old nonmycorrhizal seedling :s, 10 ml. 36. 6 
One-year--old nonmycorrhizal seedling :8, 20 ml. 37. 4 
One-year--old mycorrhizal seedlings, 10 ml. 36. 5 
One-year--old mycorrhizal seedlings, 20 ml. 36. 4 
One-year--old mycorrhizal seedlings, field grown, 10 ml. 34. 3 
One-year--old mycorrhizal seedlings, field grown, 20 ml. 37. 2 
Two-year--old mycorrhizal seedlings, field. grown, 10 ml. 37. 1 
Two-year--old mycorrhizal seedlings, field grown, 20 ml. 37. 1 
None, 10 ml. 36. 8 
None, 20 ml. 36. 3 
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EFFECT OF ROOT EXTRACTS AND PURIFIED PHOSPHATASES 
ON SOIL ORGANIC PHOSPHORUS 
Introduction 
The results of the two experiments in which the organic 
phosphorus content of soil decreased to a greater extent in the 
presence of five successive crops of corn seedlings than in the 
comparable control soil without plants led to the hypothesis 
that phosphatase was responsible for the effect. The mechanism 
conceived to be operating was an effect of the plants in in­
creasing the phosphatase activity in the solution around the 
roots by release of phosphatase from the roots and release of 
other organic substances that increased the microbial population 
which in turn produced phosphatase. The phosphatase in solution 
then entered the porous bag containing the soil and increased 
the rate of mineralization of soil organic phosphorus. Subse­
quent experiments verified that phosphatase was added to the 
system as a result of the presence of plants. 
If the supposed mechanism is responsible for the decrease 
in organic phosphorus in the presence of plants, it should be 
possible to produce the observed effect on soil organic 
phosphorus by adding the phosphatase in the absence of plants. 
The experiments to be described in this section were done 
primarily to determine whether phosphatase from different sources 
would affect soil organic phosphorus as did the plants. 
At the same time, it was hoped to learn more about the 
relative rates of the processes of immobilization and 
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mineralization of phosphorus that must be going on concurrently. 
It had been observed in the perfusion experiments (not reported 
in detail) that the organic phosphorus content of the soil was 
increased by the presence of plants, and this was thought to be 
a consequence of the growth of algae in the undarkened system. 
Moreover, in one of the experiments with five successive crops 
of corn seedlings, the organic phosphorus content of the soil 
increased in one culture in which the plant roots were affected 
by a rather profuse growth of fungus but not in the other two 
cultures in which no fungus was visually evident. Enhanced 
phosphatase activity no doubt was present in these cultures 
showing an increase in soil organic phosphorus, and the phospha­
tase should have had an effect on soil organic phosphorus, 
according to the mechanism supposed to exist. Nevertheless, 
these observations indicate that the presence of plants does 
induce synthesis of organic phosphorus in the external medium 
and that under some circumstances the increase may exceed the 
decrease. The phosphatase from roots, of course, contains much 
other organic material that could be used by microorganisms, 
and the phosphatases themselves are no doubt subject to decom­
position and used in building microbial tissue containing organic 
phosphorus, 
Accordingly, in the experiments on the effect of phosphatase 
preparations on soil organic phosphorus, certain of the treat­
ments included a microbial inhibitor with the objective of 
determining the effect of the added phosphatases on organic 
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phosphorus mineralization with little or no concurrent immobi­
lization. 
First Experiment 
The effect of three enzyme sources in the presence and 
absence of toluene as a microbial inhibitor was tested in the 
first experiment. The enzyme sources included enzyme extract 4 
from corn roots (described previously), acid phosphatase 
(derived from wheat germ) and alkaline phosphatase (purified). 
The last two sources were obtained from Nutritional Biochemicals 
Corp,, 26201 Miles Road, Cleveland, Ohio 44128. 
To make this test, one-half gram samples of Harpster silty 
clay loam (F2868) were weighed into 125-ml, Erlenmeyer flasks. 
For the toluene treatment, 0,5 ml, of toluene was added to the 
soil 30 minutes before addition of anything else. Enzyme 
extract 4 was added from the refrigerated solution in quantities 
of 20 ml. Acid and alkaline phosphatase were added from 
refrigerated stock solutions in quantities equivalent to 1 mg, 
of the original preparations. Each of the five treatments was 
made in duplicate with and without toluene. After all additions 
of enzyme preparations had been completed, the volume of the 
aqueous solutions was made up to 35 ml. with distilled water. 
The samples were incubated for 1 week with shaking at room 
temperature. The samples were then centrifuged and the super­
natant solutions were decanted. The total content of organic 
phosphorus in soil plus supernatant solution was determined in 
the usual way. 
98 
The results of the experiment in Table 23 indicate that, 
with the possible exception of the treatment with acid phospha­
tase in the absence of toluene, there were no significant 
differences between the control soil plus water and the soil 
plus enzyme preparations. There was little difference in soil 
organic phosphorus between treatments with toluene and treat­
ments without toluene. In this experiment no determination was 
made of the organic phosphorus in any of the enzyme preparations 
added but it will be shown later that such additions were negli­
gible. The results of this experiment were conclusive. 
Second Experiment 
This experiment was done to test the possibility that the 
enzymes were gradually inactivated after addition to soil and 
the further possibility that a measurable effect of enzyme 
addition on soil organic phosphorus might be found if a higher 
concentration of enzyme were employed. Repeated additions of 
enzyme were used to investigate the possibility of inactivation, 
and freeze-drying was used to increase the concentration. 
An enzyme extract was prepared from 1 liter of tap water 
in which 40 corn seedlings had been grown for 7 days. The 
solution was freeze-dried (by courtesy of W. R. Hearn, Dept. 
of Biochemistry and Biophysics, Iowa State University, Ames, 
Iowa) to a powder, which was redissoived in 100 ml. of distilled 
water in a volumetric flask. The concentrated extract was 
tested on disodium phenylphosphate and was found to have phospha­
tase activity equivalent to that of 0.04 mg of purified alkaline 
Table 23. Organic phosphorus content of soil after incubation with different enzyme 
preparations 
Organic phosphorus found 
in culture per Ô.5g. of soil, ug. 
Treatment No toluene Toluene 
Dry soil 284 286 
277 (281) 276 (281) 
Soil + water 242 252 
279 (261) 270 (261) 
Soil + enzyme extract 4 268 272 
+ water 266 (267) 262 (267) 
Soil + acid phosphatase 286 255 
+ water 291 (289) 252 (254) 
Soil + alkaline phosphatase 284 286 
277 (281) 276 (281) 
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phosphatase per ml. This level of activity was about the same 
as that of enzyme extract 4 used in the preceding experiment. 
No test was made to determine the degree to which the original 
activity was affected by the lyophilization process. 
One-half gram, samples of Harpster silty clay loam (F2868) 
were treated with 0.5 ml, of toluene. After 30 minutes 0, 2.5, 
5.0 and 10.0 ml. of lyophilized extract were added. Water was 
added to make a total volume of 10.5 ml. The flasks were then 
shaken for 1 week at room temperature with additions of the same 
amounts of extract on the 3rd and 6th days and the volume of 
solution being made to 20.5 and 30.5 ml. along with enough water 
to make the total volume of aqueous solution 20.5 ml. on the 3rd 
day and 30.5 ml. on the 6th day. Thus a total of 0, 7.5, 15 
and 30 ml. of concentrated extract was used. 
The data obtained in the experiment are given in Table 24. 
The enzyme preparation was found to contain 0.9 ug. of organic 
phosphorus per 10 ml., and figures in the table have been 
corrected accordingly. The results indicate that increasing 
amounts of the concentrated extract caused an increase instead 
of a decrease in organic phosphorus content of soil in spite of 
the fact that the soil had been treated with toluene. This 
experiment showed that toluene was.not producing the desired 
inhibition of microbial activity in the soil and also that the 
phosphatase preparation derived from corn roots was not having 
an effect on soil organic phosphorus analogous to that produced 
when corn plants were present. 
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Table 24. Organic phosphorus content of soil after incubation 
with different quantities of LyophiLized extract from 
corn roots 
Organic phosphorus Change in 
VoLxraie of LyophiLized per 0.5g. of soiL organic phosphorus 
extract added per 0.5 g. after incubation, content of soiL, 
of soiL, mL. ug. ug. 
0 249 0 
7.5 252 +3 
L5.0 255 +6 
30.0 267 +L8 
Third Experiment 
The finding obtained in the second experiment was unex­
pected, and the experiment was therefore repeated in a somewhat 
different way to see if simiLar resuLts wouLd be obtained. In 
the third experiment purified alkaline phosphatase was used as 
the source of enzyme, and the length of the period of incubation 
was trebled. The first modification should have the effect of 
increasing the rate of organic phosphorus mineraLization to 
immobiLization because the purified aikaLine phosphatase shouLd 
have had far Less extraneous organic materiaL per unit of 
phosphatase activity than did the crude LyophiLized preparation 
from corn roots. The second modification was made to increase 
the Length of time the enzyme activity was continued and pre-
sumabLy to permit greater totaL mineraLization to occur. 
In this experiment 0.5g. sampLes of Harpster siLty cLay 
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loam (F2868) were treated with 0.5 ml. of toluene. Thirty 
minutes later, additions of 1 ml. of alkaline phosphatase 
solution and 33.5 ml. of distilled water were made. A blank 
was included. The alkaline phosphatase additions corresponded 
to 0, 0.2, 0.4, 0.8, 1.6 and 3,2 mg. of the original dry source. 
The flasks were shaken on a wrist-action shaker for 3 weeks at 
room temperature. The additions of phosphatase were repeated 
at the beginning of the second and third weeks in 1-ml, volumes, 
making a total in 3 weeks of 0, 0,6, 1,2, 2,4, 4,8 and 9,6 mg, 
of the original alkaline phosphatase source. At the end of the 
incubation period, organic phosphorus was determined in the 
solution and soil. 
The results of the experiment in Table 25 verify the 
finding made in the preceding experiment. There is little doubt 
that the organic phosphorus content of the soil increased with 
the additions of phosphatase and that toluene was ineffective 
as an inhibitor. 
It is to be noted that the purified alkaline phosphatase 
used in this experiment contained 5 ug, of inorganic phosphorus 
per 1 mg, of the original dry preparation but only a trace of 
organic phosphorus. The amount of organic phosphorus added in 
the enzyme was too small to require any correction. 
At this point a separate test not reported in detail 
indicated that phosphatase activity in solution without soil 
declined rapidly under the conditions of the experiment. To 
judge from the results, the phosphatase added in the third 
103 
Table 25. Organic phosphorus content of soil after incubation 
with different quantities of alkaline phosphatase 
Alkaline phosphatase Organic phosphorus Increase in 
added per 0.5g. per 0.5g. of soil organic phosphorus 
of soil, mg. after incubation, ug. content, ug. 
0 244 
248 (246)* 0 
0.6 251 
252 (252) 6 
1.2 249 
271 (260) 14 
2.4 273 
262 (268) 22 
4.8 267 
262 (264) 18 
9.6 263 
276 (270) 24 
"Values in parentheses are means. 
experiment would have been largely inactivated during the first 
day after its addition. Accordingly, the data in Table 25 can­
not be said to represent the effect of phosphatase under the 
conditions of continuous addition that presumably exist if 
higher plants are the source. 
Fourth Experiment 
In an attempt to maintain increased phosphatase activity 
in soil throughout an incubation period long enough to permit 
the phosphatase to produce a measurable effect on soil organic 
phosphorus, a final experiment was conducted. This experiment 
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was done according to the technique described for the third 
experiment except for the initial addition of only 10 ml. of 
water per 0.5 g. of soil and for changes in treatments that are 
given in Table 26. The incubation period was 3 weeks. 
The results in Table 26 and Figure 6 show an increase in 
the organic phosphorus content in the medium after 3 weeks of 
incubation with addition of alkaline phosphatase in all three 
experimental series. In this experiment, as in the preceding 
one, the amout of organic phosphorus added in the enzyme prepar­
ations was too small to require any correction. Although they 
were not needed in interpretation of the experiment, controls 
receiving only the twice daily additions of phosphatase without 
soil were included. At the end of the incubation, the 
quantities of organic phosphorus in these controls with addition 
of 0, 0.4, 0.8, 1.2, 1.6, 2,0, 5.0 and 10.0 mg. of alkaline 
phosphatase were estimated at 0, 2, 0, 1, 0, 1, -1, and 7 ug., 
respectively. Growth of microorganisms was visually evident in 
the tubes in which 7 ug. of organic phosphorus was found but 
not in the others. 
The present experiment thus confirms the findings made in 
the two previous experiments. In the absence of plant roots 
additions of phosphatases caused an increase in organic phospho­
rus and not a decrease. 
The results of these experiments do not support the 
hypothesis that the decrease in organic phosphorus content of 
the soil observed upon growth of five successive crops of corn 
Table 26. Organic phosphorus content of soil after incubation 3 weeks with different quantities of 
alkaline phosphatase added at different intervals and in the presence and absence of 
toluene. 
Organic phosphorus found per 0.5g. of soil after incubation, ug. 
Total amount Phosphatase additions made twice daily Phosphatase additions made 
of alkaline for 3 weeks on the 1st, 8th and 15th 
phosphatase days 
added per 
0.5g. of soil Total Increase in Total Increase in Total Increase in 
ug. organic P organic P organic P organic P organic P organic P 
no no toluene toluene no no 
toluene toluene added added toluene toluene 
0 284 311 284 
308 (283) 0 310 (312) 0 308 (283) 0 
258 314 250 
0.4 291 
302 
274 
(287) 4 
0.8 292 334 320 
319 (301) 18 320 (318) 6 297 (298) 15 
291 300 278 
1.2 284 
316 
286 
(295) 12 
1.6 313 324 334 
308 (301) 18 348 (335) 21 333 (319) 36 
281 334 290 
2.0 308 
300 (304) 21 
5.0 314 376 299 
311 (312) 35 333 (361) 49 306 (299) 16 
312 375 292 
10.0 331 
332 
296 
(320) 37 
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^PHOSPHATASE ADDED TWICE DAILY 
(TOLUENE PRESENT) 
40 
/^PHOSPHATASE ADDED TWICE DAILY 
(WO TOLUENE PRESENT) 
30 
20 
PHOSPHATASE ADDED OM FIRST, 
(NO TOLUENE PRESENT) 
TOTAL ALKALINE PHOSPHATASE ADDED, MG. 
Figure 6. Increase in soil organic phosphorus found at the end 
of a 3-week incubation of 0.5g. samples of Harpster 
silty clay loam with different additions of a 
purified preparation of alkaline phosphatase. 
I' 
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seedlings was a consequence of a greater rate of mineralization 
induced by the enhanced phosphatase activity. On the contrary, 
the implication of these experiments on additions of phosphatase 
in the absence of plants is that, if phosphatase causes the 
mineralization of soil organic phosphorus, the soil employed 
already had enough phosphatase to cause mineralization of native 
organic phosphorus to proceed at the maximum rate. Additions 
of phosphatase did not increase the rate of mineralization but 
seeved as a source of organic material that increased the 
population of microorganisms and the synthesis of organic 
phosphorus, 
If enhanced phosphatase activity does not explain the 
decrease in organic phosphorus associated with the presence of 
corn seedlings, alternative explanations must be sought. 
Perhaps the possibility of direct absorption of soil organic 
phosphorus from solution by plants should be re-examined. 
Previous experiments may not have been sufficiently sensitive 
or may not have been conducted in the proper way to detect this 
effect. 
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SUMMARY AND CONCLUSIONS 
The purpose of the investigation was to determine whether 
the organic phosphorus content of soil decreases to a greater 
extent in the presence of higher plants than it does in compa­
rable controls and, if such an effect were found, to determine 
the cause. 
In this work the portion of the organic phosphorus that 
undergoes mineralization most readily was thought to be of 
principal concern. Because there is some evidence that the 
organic phosphorus that is extracted most readily by chemical 
methods is also hydrolyzed most readily by chemical treatments 
and further evidence that the organic phosphorus extraction 
method proposed by Mehta et aX. causes some hydrolysis, a pre­
liminary investigation of the method of analysis was made. The 
total organic phosphorus content of soil as found by the Mehta 
method was compared with the total organic phosphorus found 
where the soil was first extracted with 0,3N NaOH, 0.5M NaHCO^ 
adjusted to pH 10 or 0.5M Na^CO^. Slightly higher values for 
total organic phosphorus were obtained with Na^COg as pre­
liminary extractant than with either of the other preliminary 
extractants or with none. Accordingly, preliminary extraction 
with Na2C03 was adopted. Attempts to obtain quantitative 
retention of organic phosphorus from acidified extracts by 
modifying the carbon filtration method to use anion-exchange 
resins with the carbon were unsuccessful. The method of 
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difference therefore was used, to determine organic phosphorus 
in the extracts. 
In short-term experiments on the effects of plants on the 
organic phosphorus content of soil, corn and tomato seedlings 
were grown for 2 weeks in suspensions of soil in water. In two 
experiments with each crop the soil organic phosphorus decreased 
slightly as compared with that of control soil without plants, 
and in one experiment with each crop the reverse was found. In 
two additional experiments in which corn seedlings previously-
supplied with nutrients were used and the test period was 1 
week, the organic phosphorus content of cropped soil and con­
trol soil agreed closely. 
In long-term experiments, five successive crops of corn 
seedlings were grown for 1 week each in the same cultures. The 
organic phosphorus content of the soil was increased by the 
presence of the crop in each of two experiments in which the 
continuous aeration kept the soil suspended in the solution 
around the roots. Evidence obtained in a supplementary experi­
ment indicated that abrasion of the roots by the soil was at 
least partly responsible for this effect. On the other hand, 
in each of two experiments in which the soil was segregated 
from the roots in a bag made of Teflon-coated, glass-fiber 
material, the presence of five successive crops of corn 
seedlings decreased the organic phosphorus content of the soil. 
The most likely cause of the decrease in organic phosphorus 
content of the soil due to the presence of plants seemed to be 
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an increase in rate of mineralization of soil organic phosphorus 
associated with enhanced phosphatase activity in the soil 
around the roots. Solutions in which corn and tomato seedlings 
had been grown for a short time were found to contain substances 
having properties of acid and alkaline phosphatase, but no 
significant phosphatase activity could be detected in solutions 
in which mycorrhizal or nonmycorrhizal pine seedlings had grown 
for a corresponding time. The capability of certain plants to 
contribute phosphatase activity to the growth medium was thus 
verified. 
Experiments on addition of crude phosphatase preparations 
from solutions in which plants had been grown or from a purified 
commercial source showed that the preparations did not decrease 
the organic phosphorus content of the soil but, on the contrary, 
increased it. These results do not support the hypothesis that 
enhanced phosphatase activity around the roots was responsible 
for the decrease in soil organic phosphorus due to the presence 
of plants. The effect must have been produced in some other 
way. 
Ill 
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